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ABSTRACT

AERO-STRUCTURAL ANALYSIS OF THE MORPHING TRAILING EDGE
CONTROL SURFACE OF A FULLY MORPHING UNMANNED AERIAL
VEHICLE WING
Kalkan, Ugur

M.S., Department of Aerospace Engineering

Supervisor : Assoc. Prof. Dr. Melin Sahin

January 2017, 177 pages

This thesis investigates the aero-structural analysis of the morphing trailing edge
control surface of a fully morphing unmanned aerial vehicle wing for some camber
morphing missions. Designed control surface was structurally analyzed with Finite
Element Method using ANSYS Workbench v14.0 Static Structural module. Open
Cell, Closed Cell designs with some material and thickness changes were studied in
order to find the optimum design in terms of minimum weight and structural
relevance. Analyses were both performed in-vacuo and under aerodynamic loads.
Initially in-vacuo analyses were performed and it was seen that Closed Cell-
Neoprene rubber is the best design in terms of stresses, loads and morphing
capabilities. Therefore, for Closed Cell-Neoprene rubber design analyses were
performed under aerodynamic loads. Aerodynamic pressure distribution over the
wing is obtained by Computational Fluid Dynamics analyses. Pointwise v17.2R2
was used to generate aerodynamic mesh and Stanford University Unstructured
v3.2.03 was used as a solver. Aerodynamic load on the control surface was obtained
by the interpolation method using the Tecplot 360 2013R1 package programme.
Results of the analyses showed that designed control surface is capable of

performing all the morphing conditions. However 3g and 4g aerodynamic load



created bump at the compliant part which is not desired. Considering the weight of
control surface Closed Cell — Neoprene rubber design with 1.0 [mm] composite

thickness was selected as the best design.

Keywords: Morphing Control Surfaces, Morphing Wing, Structural Analysis, Finite
Element Method, Aerodynamic Analysis, Computational Fluid Dynamics, Aero-

Structural Analysis
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0z

BUYUK ORANDA SEKIL DEGISTIiREBILEN BiR iNSANSIZ HAVA ARACI
KANADININ HIiBRIiT FIRAR KENARI KONTROL YUZEYININ
VAKUM ve AERODINAMIK YUKLER ALTINDA YAPISAL ANALIZI
Kalkan, Ugur

Yiiksek Lisans, Havacilik ve Uzay Miihendisligi Bolimii

Tez Yoneticisi  : Assoc. Prof. Dr. Melin Sahin

Ocak 2017, 177 sayfa

Bu calismada, bliylik oranda sekil degistirebilen bir insansiz hava araci kanadinin
hibrit firar kenar1 kontrol yiizeyinin vakum ve aerodinamik yiikler altinda yapisal
analizi incelenmistir. Tasarlanmis kontrol yiizeyi Sonlu Elemanlar Yontemi
kullanilarak ANSYS Workbench v14.0 programinin Static Structural modiili ile
yapisal olarak incelenmistir. Minimum agirlik ve yapisal uygunluk acisindan
optimum tasarimin bulunmasi i¢in Ag¢ik Hiicre, Kapali Hiicre tasarimlar1 bazi
malzeme ve kalinlik degisiklikleri ile incelenmistir. Analizler hem vakum ortaminda
hem de aerodinamik yiikler altinda gerceklestirilmistir. Ik olarak analizler vakum
ortaminda yapilmistir ve Kapali Hiicre — Neopren kauguk tasariminin gerilmeler,
yiikler ve sekil degistirme 6zellikleri acisindan en 1yi tasarim oldugu goriilmiistiir. Bu
nedenle, Kapali Hiicre — Neopren kaucuk tasarimi aerodinamik yiikler altinda tekrar
analiz edilmistir. Kanat iizerindeki aerodinamik basing dagilimi Hesaplamali
Akigkanlar Dinamigi analizleri ile elde edilmistir. Aerodinamik ¢6ziim agi icin
Pointwise v17.2R2, ¢oziicii i¢in ise Stanford University Unstructured v3.2.03
yazilimi kullanilmistir. Kontrol yiizeyindeki aerodinamik yiik, Tecplot 360 2013R1
paket programi kullanilarak interpolasyon yontemi ile elde edilmistir. Analiz

sonuglari, tasarlanan kontrol ylizeyinin tiim sekil degistirme kosullarin1 yerine
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getirebildigini gostermektedir fakat 39 ve 4g aerodinamik yiikler Neopren kauguk
malzemesinde yumrulara neden olmustur. Agirlik g6z oniine alindiginda 1.0 [mm]
kompozit kalinligindaki Kapali Hiicre — Neopren kauguk tasarimi en iyi tasarim

olarak secilmistir.

Anahtar Kelimeler: Sekil Degistirebilen Kontrol Yiizeyleri, Sekil Degistirebilen
Kanat, Yapisal Analiz, Sonlu Elemanlar Yontemi, Aerodinamik Analiz, Hesaplamai

Akiskanlar Dinamigi, Aerodinamik Yiikler Altinda Yapisal Analiz
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CHAPTER 1

INTRODUCTION

1.1 Objective of the Study

When designing the aircraft there are two main parameters that are taken into
account. First one is to perform the mission successively. All the conventional
aircraft are designed for a specific mission such as transportation, combat or cargo.
Second critical parameter of design is the efficiency. Aircraft are designed in order to
complete its mission with the highest efficiency. Today’s conventional aircraft are
designed in order to complete a single mission. However, if a single aircraft can
perform multiple missions, there is no need to design different types of aircraft. A
single aircraft can perform multi missions. There are lots of studies about this issue
under the ‘Morphing Wing’ concept.

In this study, morphing trailing edge control surface is introduced. The
control surface changes the camber from mission to mission and there is no
hinge/gap between the control surface and wing. This increases aerodynamic
efficiency and eliminates noise due to gap.

The study is conducted within the scope of research and development project
named CHANGE (Combined morpHing Assessment software usiNG flight
Envelope data and mission based morphing prototype wing development) which is a

project of 7th Framework Programme of European Commission.



1.2 Layout of Thesis

Chapter 1 introduces the objectives of the study by also providing the main
assumptions and limitations.

Chapter 2 gives literature survey about the morphing wing aircraft. Relation
between the aircraft and birds is presented and source of morphing concept is
illustrated. Then, some morphing studies in Turkey are presented.

In Chapter 3, the designed hybrid trailing edge control surface in CHANGE
Project is illustrated. First, brief information about the control surface and the wing is
given. Then dimensions and materials used in the control surface design are
presented together with the servo actuators used. Finally, two different hybrid trailing
edge control surface designs namely “Open Cell design” and “Closed Cell design”
are illustrated.

Chapter 4 is devoted to the static structural analysis of control surface in-
vacuo condition. Initially, FEM of Open Cell and Closed Cell designs are presented.
Then, decamber capabilities of control surfaces are shown.

In Chapter 5, initially, aerodynamic analyses of the morphing wing for all
morphing missions are presented briefly. Then, interpolation of the pressure from
wing to the FEM of hybrid trailing edge control surface is described.

Chapter 6 is dedicated to the static structural analysis of hybrid trailing edge
control surface under aerodynamic loads. Aerodynamic loads varying from 1g to 4g
are applied to the control surface and all the morphing mission are achieved.

Chapter 7 concludes the work with general conclusions drawn and the

recommendations for the future work are also presented.

1.3 Limitations of the Thesis

The main limitations of the study can be listed as follows:
e In this thesis, 1g aerodynamic loadings are performed for each

morphing flight mission profiles. Higher load factors such as 2g, 3g



and 4g are obtained by scaling the dynamic pressure of 1g condition.,
Dynamic pressure scaling is performed by increasing the velocity.
Angle of attack variation is not considered to increase the
aerodynamic load factor.

Loads on the control surface due to maneuvers such as pullup,
pushover, yawing maneuvers together with gust condition are not
considered in this thesis.

Structural analysis of the connection apparatus such as screws, nuts
and bolts are not considered.

Connections are defined by coupling the rotations and displacements

of nodes. No glue or connection material is considered.






CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

In this chapter, first, the relation between the aircraft and birds are explained.
After that the reason why morphing is essential is illustrated and the definition of the
morphing is described. Then, morphing concept is explained by giving the examples
from the types of morphing. Finally, the information about the morphing studies in
Turkey is provided.

2.2 Aircraft and Birds

Since the ancient time, mankind has been investigating the birds and there has
always been a desire of flight. By inventing the first successful airplane in 1903,
Wright brothers made the mankind’s flight dream real. They designed the first
controlled, powered and sustained heavier than air flying machine. After that
developments in aviation has increased sharply. These developments have always
been in the light of birds’ nature because of the fact that birds’ nature is much more
efficient than the engineers’ aircraft as in the all engineer-nature comparisons.
Today, there are some establishments such as National Aeronautics and Space
Administration’s (NASA) Langley Research Center (LaRC) that are investigating
birds to understand how they maneuver and try to apply to the aircraft[1]. In
consequence of these researches, aircraft are designed and there are many common
properties between aircraft and birds. For example, Wandering Albatross in Figure 1
(@) and ANKA aircraft in Figure 1 (b) has some similar wing properties. They both
have high aspect ratio wing and they are expert gliders, capable of remaining in the



air for several hours at a time. On the other hand, Peregrine Falcon in Figure 2 (a)
and F-22 Raptor aircraft in Figure 2 (b) have delta wings and they are fast to catch
their prey.

hes

(a) Wandering Albatross [2] (b) ANKA [3]

Figure 1: High Endurance Bird and Aircraft

(a) Peregrine Falcon [4] (b) F-22 Raptor [5]

Figure 2: High Speed Bird and Aircraft

For the fixed wing aircraft aerodynamic performance is optimum at a specific
design condition, e.g. cruise for long range commercial passenger aircraft or high
speed short range flight for fighter aircraft. This means that if the aircraft is not
flying at the design point, aerodynamic performance will decrease. Although many
fixed wing aircraft are designed to perform a single mission efficiently, investigating
the birds also revealed performing efficiently the wide ranges of flight segments such



as take-off, loiter, strike and landing is possible. Birds are able to achieve such a
wide dynamic range missions through large shape changes of their wings. To
illustrate, from loiter to strike flight mission, dihedral and sweep angles of the wings
are changed as shown in Figure 3 [6]. Therefore, to achieve multi flight missions
efficiently with a single aircraft, wing shapes should change accordingly and the

morphing concept is raised.

(a) Dihedral Angle Change

~ A~

Loitering Transition Strike

(b) Sweep Angle Change

Figure 3: Wing Shape Changes from Loiter to Strike [6]
2.3 Definition of Morphing

Silvestro et al. stated that there is neither an exact definition nor an agreement
between the researchers about the type or the extent of the geometrical changes
necessary to qualify an aircraft for the title ‘shape morphing’ [7]. Different
definitions for morphing in literature confirm this idea. For example, Manoranjan et
al. says that Wright Brothers utilized morphing concept at the first flight in 1903 by
using a series of cables and pulleys that twisted the wing to change directions and
control the airplane [8].0n the other hand, Brian et al defines the morphing as the
shape change of the wing during flight to perform in highly dissimilar flight
conditions for maximum performance[9]. Although there is mismatch between the



researches about the morphing concept, today in most recent applications the use of
unconventional structural designs and materials appears to be the most common
point [10].

2.4 Morphing Concept

The concept of morphing is a fairly broad-ranging area[11] because an
aircraft can be morphed in several ways. Barbarino et al. states that geometrical
parameters that can be affected by morphing can be categorized into planform, out of
plane transformation and airfoil adjustment[7].

Wing planform is affected by the three parameters which are span, sweep and
chord. These parameters influence the wing aspect ratio and change in wing aspect
ratio also changes range and endurance[12]. Wings with high aspect ratio have the
advantage of long range and high fuel efficiency but have disadvantage of low cruise
speed and less maneuverability [7]. On the other hand; aircraft with low aspect ratio
wings are faster and high maneuverable but low in aerodynamic performance[13].
Therefore, planform morphing takes the advantage of both designs where necessary.
Since the bending moment at the wing root will increase with the increase of span
length, both aerodynamic and aeroelastic characteristics should be investigated. The
MAK-10 is the first aircraft which has the telescoping wing flew in 1931 [7]. Span
length of MAK-10 increased up to 62% and wing area is increased about 57% [14].

Out of plane transformation is affected by twist, dihedral/gull and span-wise
bending. Changing the twist of the wing is accepted as the oldest form of morphing.
To illustrate, Wright Brothers employed wing warping technique to provide roll
control for their first flying machine [7]. With the help of dihedral/gull and span-wise
one can reduce induced drag by changing the vorticity distribution and improve stall
characteristics. Therefore, dihedral/gull and span-wise bending of aircraft wing
helped to optimize the performance of winglets[7]. In addition to winglets, morphing
in dihedral/gull have other benefits on an aircraft. For example, Cuji and Garcia

studied the dynamics of aircraft turning for symmetric and asymmetric V-shaped



wings and they found that wings with asymmetric dihedral perform better in terms of
bank angle, load factor and rolling moment coefficient [7]. Therefore, asymmetric
dihedral increase the turning performance of an aircraft.

Airfoil adjustment mainly achieved by chamber and thickness variation.
However, researches in airfoil morphing showed that camber morphing concept is
preferred much more than the airfoil thickness change [7]. Many methods can be
applied to change the camber of an aircraft airfoil. Leading or trailing edges of wing
can be morphed to change the chamber or entire wing can act as a unique control
surface by changing the entire camber of the wing. One benefit of camber change is
that lift to drag ratio (L/D) of the wing can be improved which affects the efficiency
of the aircraft [7]. Camber actuation systems can be categorized according to the size
of the aircraft. Conventional actuators are used in all aircrafts except sub-MAV scale,
shape memory alloys are used in unmanned aerial vehicle wings and rotorcraft
blades, piezoelectric actuators are used in small UAVs and MAVs [7]. Gano and
Renaud represented a concept to increase the efficiency of aircraft by changing the
airfoil thickness [15]. They suggested decreasing the volume of wing fuel tanks as
the fuel is consumed and thus decrease the drag.

In order to achieve all types of the morphing concept described, material used
has a very important role since it limits the design process as in the all engineering
solutions. When the subject is morphing aircraft the importance of the material
becomes much more significant. The reason is that the shape of the wing at each
design phase is different in morphing aircraft. Therefore, the structure should be
capable of withstanding the loads but also able to change its shape at each flight
phase. Recent developments in smart materials overcome the limitations and enhance
the benefits from existing design solutions[7]. With the help of smart materials both
the actuation forces of servo actuators and the weight is decreased. In addition,
developments in actuation mechanisms have also important role in morphing
concept. Piezoelectric actuators, electric motor, hydraulic/pneumatic mechanisms,
servo actuators, ultrasonic motors and dc motors are some of the actuation

mechanisms used in the morphing concept.



Focusing on the trailing edge control surface, in Middle East Technical
University (METU) Aerospace Engineering Department, a tactical unmanned aerial
vehicle (UAV) having mission adaptive wing was indigenously designed within the
scope of TUBITAK (The Scientific and Technological Research Council of Turkey)
107M103 Project with the name of ‘Aeroservoelastic Analysis of the Effects of
Camber and Twist on Tactical UAV Mission-adaptive Wings’[16]. In this project, an
UAV with hingeless control surface as shown in Figure 4 was designed by METU
and manufactured in Turkish Aerospace Industries (TAI). Since the hingeless control
surface removes the gap at the line where control surface and the wing joins, air
flows smoothly from wing to control surface. Therefore, aerodynamic performance is
increased and the noise due to this gap is eliminated. Also, the designed control
surfaces have the ability to change the camber and twist. Camber change increases

the lift and the twist change improves the control ability of the aircraft.

Figure 4: METU’s Indigenously Designed UAV with Hingeless Control
Surfaces [16]

Another morphing study in METU is the design and development of a
morphing trailing edge control surface concept of an UAV. This study is being
developed within the framework of CHANGE (Combined morphing Assessment

software usiNG flight Envelope data and mission based morphing prototype wing

10



development) Project financed under the 7th Framework Programme of the European
Commission [17]. Designed trailing edge control surface should maintain
NACA6510 profile for loiter mission. Since most of the flight time is thought to be
spend in loiter phase, baseline wing is selected as NACA 6510. In the take-off and
high-speed configurations wing could morph to NACA3510 and NACA2510,
respectively. Flight phases and corresponding NACA profiles are shown in Figure 5
and the desired morphing capability of the wing is shown in Figure 6. Initially, there
was pre-twist along the wing span and both aero and structural analyses are
performed [18], [19], [20]. Then, it was decided to use wing without pre-twist
because the wing with pre-twist is not operational for telescoping morphing. In
addition, structural and aerodynamic analyses are performed for several different
designs of the morphing trailing edge control surface for the morphing missions
described [21], [22], [23], [24], [25].

Loiter +  High Speed Configuration

(NACA 6510) (NACA2510)
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Figure 5: Flight Phases and Corresponding NACA Profiles for CHANGE

Project
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Figure 6: Morphing Capability of CHANGE Wing

In his Ph. D. thesis, Korpe dealed with the aerodynamic optimization of
morphing wings under performance and geometric constraints[26]. Fixed wing
optimization was performed for three cases which are only airfoil shape change, only
planform change and combination of airfoil and planform shape change. He
concluded that the planform change is the most effective way of drag reduction in
morphing wings[26]. In addition to Kérpe’s studies on morphing, Unliisoy provided
a broad view for the effects of morphing especially on the linear aeroelastic behavior
of the UAV wings[27]. He concluded that at any phase of the morphing aircraft
design, aeroelastic behavior of the structure should be considered with great
attention; otherwise, the design should have a variation of flutter speeds[27]. Also,
Oktay et al. studied to improve autonomous flight performance of load carrying
UAYV through active wing and horizontal tail active morphing [28]. He showed that
morphing gives increases the performance and gives confidence/easy utility to UAV

Uusers.
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CHAPTER 3

DESIGNED HYBRID TRAILING EDGE CONTROL SURFACE

3.1 Introduction

In this chapter, brief information about the wing and hybrid trailing edge
control surface is given. Then, dimensions of the control surface are stated in detail.
After that, servo actuators used in the control surface design are shown together with
its properties. Material properties used in the control surface design are also given.
Finally, types of control surfaces which will be used for the static structural analysis

are stated.

3.2 Brief Information about the Designed Control Surface and the Wing

Designed hybrid trailing edge control surface is a part of a UAV wing which is
designed with NACA 6510 airfoil and has several morphing capabilities. Span and
chord lengths of the wing are 2000 [mm] and 600 [mm] respectively. Designed
morphing wing has no pre-twist along its span and has no incidence angle. Top view
of the morphing wing is shown in Figure 7. Morphing wing has also morphing
leading edge control surface in the leading edge portion. In addition, it is capable of
telescoping morphing. Actuation mechanism of the telescoping morphing is

embedded into the torque box.
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Leading Edge Portion

Torque Box

Trailing Edge Control Surface

Afp— ——

Wing Root Wing Tip
Figure 7: Top View of the Morphing Wing

Designed hybrid control surface consists of three parts as shown in Figure 8.
Aluminum C Part has three parts which are C bar, upper shell and lower shell. The
Aluminum C Part is attached to the main wing with no gap and no hinge. In the
conventional control surfaces, there exist hinge to flap control surface up or down

but hinge creates gap between control surface and wing as shown in Figure 9.

22
-

C Part
I Compliant Part

- Composite Part

Figure 8: Hybrid Control Surface
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Figure 9: Hinge and Gap in the Conventional Control Surface

By using Aluminum C Part, gap between the control surface and wing is
eliminated. Therefore, aerodynamic efficiency of the hybrid trailing edge control
surface is increased and aerodynamic noise is eliminated when compared to
conventional control surfaces. Between the composite and aluminum a very flexible
compliant material is used. Because of the flexibility of the compliant material, stress
Is decreased and as a result servo loads are decreased. In addition, due to the stiffness
difference between composite part and compliant part, composite part makes rigid
body motion. Two different types of compliant materials are used in the analyses
which are Neoprene rubber and Silicone. Silicone material is provided by CHANGE
project partner Invent [29] and Neoprene Rubber is taken from ANSYS material
library [30].

Trailing edge control surface has 900 [mm] span and 180 [mm] chord length as
shown in Figure 10. 180 [mm] chord length is %30 of the wing chord length. In
addition, it has 36.7 [mm] thickness at the location where control surface connects to
the wing. Chord length of both Aluminum and compliant part is 20 [mm] whereas
composite has 140 [mm] chord length. Dimensions described are shown on the

control surface and given in Figure 10.
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Figure 10: Span and Chord Length of the Hybrid Trailing Edge Control

Surface

3.3 Servo Actuators Used

The mechanisms and the servos of the telescoping morphing are placed inside
the torque box so there is not enough space to place the servo actuators of the trailing
edge control surface inside the torque box. Therefore; servo actuators are placed
inside the trailing edge control surface so as to deflect the trailing edge control
surface. As it is not possible to place the trailing edge servo actuators inside the
torque box, there is a very limited volume at the trailing edge control surface to place
servos. This brings the problem of appropriate servo actuator selection to deflect the
trailing edge control surface into the desired shape. The reason is that as the servo
actuator dimension gets smaller maximum available torque decreases. Volz DA 13-
05-60 servo actuator [31] which has the highest torque with the appropriate
dimensions that can be put inside the trailing edge control surface is selected.
Moment arm and push rod are used in order to deflect the control surface by using

the torque of servo actuator. CAD drawing of the selected servo with the moment

16



arm and push rod is shown in Figure 11. Some properties of the servo Volz DA 13-

05-60 servo actuator can be seen from Table 1 [31].

(b) Push Rod
() Moment Arm

(c) Full Assembly of Servo with Moment Arm and Push Rod

Figure 11: Volz DA 13-05-60 Servo Actuator with Moment Arm and Push
Rod
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Table 1: Properties of the Volz DA 13-05-60 Servo Actuator [31]

Dimensions: 28.5 x 28.5 x 13 [mm x mm x mm]
Weight: 19 [g]
Gear Set: Hardened Steel
Peak Stall Torque: 600 [N-mm] at 5 [V]
Operating Voltage: 4.8-5 [V]

Connection between the servo and the Aluminum C Part is achieved via L-
Shaped connection which is also made by Aluminum. L-Shaped fastener is locked to
the female guide which is on the C Part by super glue. L-Shaped fastener is shown in

Figure 12 and female guide is shown in Figure 13.

L-Shaped
Fastener

Figure 12: L-Shaped Fastener

18



Female Guide

Figure 13: Female Guide at C Bar where L-Shaped Fastener is Attached

3.4 Material Properties Used in the Control Surface Design

Aluminum is used for the C Part, servo moment arm and push rod. Material
properties of the Aluminum are shown at Table 2. As composite material Glass-Fibre

Prepreg EHG250-68-37 [29] is used and material properties are shown in Table 3.

Table 2: Aluminum Material Properties [30]

Density, p: 2770 [kg/m®]
Young’s Modulus, E: 71 [GPa]
Poisson’s Ratio, v: 0.33

Tensile Yield Strength: 280 [MPa]

Compressive Yield Strength | 280 [MPa]

Tensile Ultimate Strength: | 310 [MPa]
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Table 3: Glass-Fibre Prepreg EHG250-68-37 Composite Material Properties
[29]

Density, p: 1900 [kg/m®]

Young’s Modulus, E1;: | 24.5 [GPa]

Young’s Modulus, E»,: | 23.8 [GPa]

Poisson’s Ratio, vi,: 0.11

Shear Modulus, Gi2: 4.7 [GPa]

Shear Modulus, Gas: 2.6 [GPa]

Shear Modulus, Gi3: 3.6 [GPa]

Ply Thickness: 0.25 [mm]

For the compliant material, both Neoprene Rubber and Silicone are used.
Properties of the Neoprene Rubber are obtained from ANSYS Workbench v14.0
material library. On the other hand, uniaxial test is performed in METU Aerospace
Engineering laboratory for the silicone material obtained from CHANGE Project
Partner Invent [29]. Material properties of the Neoprene Rubber and Silicone are
shown in Figure 14 and Figure 15, respectively. Both density of the Neoprene
Rubber [32] and Silicone [29] is 1250 [kg/m?].
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Figure 14: Experimental Data of Neoprene Rubber [30]
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Silicone is also a hyperelastic material as Neoprene Rubber. When modelling
a hyperelastic material in ANSY', there is a need of biaxial, uniaxial and shear data.

In order to obtain the biaxial and shear data Neo-Hookean material model under the

Strain [mm/mm]

Figure 15: Experimental Data of Silicone Obtained in METU [33]
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hyperelastic module is used. Neo-Hookean material model is used to predict the
biaxial and shear stress-strain behavior of silicone. Neo-Hookean obtains the shear,
uniaxial and biaxial data of a material with the strain energy density function [34].

Biaxial, uniaxial and shear data of Silicone is shown in Figure 16.



Uniaxial Test Data by METU ¢

Stress (10"5) [Pa]

Neo Hookean Modelled —
Uniaxial Data

0 0,1 0.2 0.3 04 0.5 0.6 0.7 0.8 0,9 1

Strain [m m”-1]

Figure 16: Silicone Material Modelled with Neo-Hookean in ANSY'S

It is seen from the Figure 14 and Figure 16 that stress level of the silicone has

higher than the Neoprene rubber. This means that the silicone is stiffer than the

Neoprene rubber.

3.5 Types of Control Surfaces

There are two types of control surfaces that will be analyzed. First one is the
Open Cell design. In this design, there is a little gap at the transmission part of the
composite. Second one is the Closed Cell design and there is no gap at the
transmission part of composite material. Stiffness of the transmission part for these
two designs are different from each other. Therefore, effect of transmission part
stiffness change will be observed in the analyses. Open Cell and Closed Cell designs

are shown in Figure 17 and Figure 18 respectively.
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Gap at transmission part

Figure 17: Hybrid Trailing Edge Control Surface Open Cell Design
Y

No gap at transmission part

Figure 18: Hybrid Trailing Edge Control Surface Closed Cell Design

3.6 Location of Servo Actuators and Material Thicknesses

In this study, five servo actuators are placed inside the control surface as shown
in Figure 19 [35]. Tung¢6z [35] showed that three servo actuating the lower part and
two servos actuating the upper part of the control surface is best for the design in
terms of weight of control surface, loads and stresses on the control surface and servo
actuators for the thicknesses given in Figure 20. Shell thickness of C bar is 2 [mm]
where upper and lower shell have thickness of 1.5 [mm]. C Part could be designed as
a single part but maintenance of control surface is thought to be done when upper

and lower shell is detached. On the other hand, Neoprene Rubber and Silicone has
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1.5 [mm] shell thicknesses. For the composite part, various thicknesses are
considered in this study which are 1.0 [mm], 1.5 [mm] and 2.0 [mm].

Tung¢o6z also studied spanwise variation of servo locations in order to achieve
the optimum design [35]. Figure 19 shows the optimum locations of servo actuators
for designed control surface.

Symmetry Line
1

200 [mm] 100 [mm]

i
|
|
g
|
|
|
|
|

Figure 19: Top View of Control Surface with Full Assembly [35]

Upper Shell

Lower Shell

Figure 20: Thicknesses of the Control Surface Parts [35]
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3.7 Weight of Designed Control Surface

Weight of the control surface described is given in Table 4. It is valid both for

Neoprene rubber and Silicone design since material densities are same as given in

Section 3.4. In addition, there is a negligible weight difference between Open Cell

and Closed Cell designs. Weight difference is due the gap at the transmission part.

Therefore, there is no distinct weight information for Open and Closed Cell designs.

Table 4: Weight of the Hybrid Trailing Edge Control Surface

) o Servos
Composite Rigid Part ) )
) _ Compliant C Part (Including | Total
Thickness (Composite )
Part [ko] [ko] Equipments) | [kg]
[mm] Part) [ka]
[ka]
2.0 1.0721 0.0682 0.4224 0.1550 1.7177
15 0.8040 0.0682 0.4224 0.1550 1.4496
1.0 0.5360 0.0682 0.4224 0.1550 1.1816
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CHAPTER 4

STATIC STRUCTURAL ANALYSIS OF HYBRID TRAILING EDGE
CONTROL SURFACE IN-VACUO CONDITION

4.1 Introduction

In this chapter, morphing wing hybrid trailing control surface is structurally
analyzed. There is no pressure on the control surface which is called as in-vacuo
condition. Static Structural module of ANSYS Workbench v14.0 is used in the
analyses. In the FEM part of this chapter, both Open Cell and Closed Cell designs are
established and then structural analysis is performed. Analyses performed in this
Chapter are summarized in Figure 21. For each design, structural analysis is
performed for:

e Maintaining the NACA 6510 profile,
e Morphing from NACA 6510 to NACA 3510 profile,
e Morphing from NACA 6510 to NACA 2510 profile.
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STRUCTURAL ANALYSIS in VACUO CONDITION

DESIGN TYPE

l l

OPEN CELL CLOSED CELL

COMPLIANT PART MATERIAL

! }

SILICONE NEOPRENE RUBBER
[ 1 | |
COMPOSITE THICKNESS COMPOSITE THICKNESS
3 $ ¥ i 1 {
1 [mm] 1.5 [mm] 2 [mm] 1 [mm] 1.5 [mm] 2 [mm]

Figure 21. Static Structural Analyses Performed for Hybrid Trailing Edge
Control Surface in-Vacuo Condition

4.2 Finite Element Model of Closed Cell Hybrid Trailing Edge Control Surface

The FEM geometry of the Open Cell control surface, servo actuator moment
arms and actuation rods are generated by using CATIA V5-6R2012 package
software. The generated geometry is then imported to the ANSYS Workbench Static
Structural module as shown in Figure 22 and Figure 23.
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Figure 22: Side View of the Closed Cell - Hybrid Trailing Edge Control
Surface for Finite Element Analysis

&/ SYS

Figure 23: Isometric View of the Closed Cell - Hybrid Trailing Edge Control

Surface for Finite Element Analysis

In the FEM, servo actuators are assumed to be rigid; therefore, they are not
modelled. In addition, servo actuator moment arms and actuation rods are modelled
as straight lines (i.e. line bodies). After that, circular cross section with 1.25 [mm]
radius is defined for actuation rods and rectangular cross section with 7.5 [mm]
width and 1.9 [mm] height is defined for moment arms. As a result, moment arm and
actuation rods are modelled as beam elements. Moment arm and actuation rods with
their cross sections can be seen from Figure 24. BEAM188 element is used for these
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parts which is a two-node beam element and has six degrees of freedom at each
node: translation in the x, y and z directions, and rotations about the x, y and z axes.
The element is well-suited for large rotation, and/or large strain nonlinear
applications [34]. As explained before, servo actuators are thought to be rigid;
therefore, x, y and z displacements of the moment arm connection point to the servos
is set zero. Also, servo actuators have the ability to rotate the moment arm only in y
axes. As a result, rotations about x and z axes are also set zero for moment arm
connection point to the servos. Moment arm connection point to the servo actuator is
shown in Figure 24. In the analyses, rotations of servo moment arms about the y axes
in order to deform or maintain the each NACA profile are defined such that they are
always pushing the control surface. To illustrate, servos actuating the lower part of
control surface has negative degree of rotation about the y axes whereas servos
actuating the upper part has positive degree of rotation about the y axes according to
the axis shown in Figure 25. None of the servo actuator moment arm is pulled
because no compression is desired at the compliant part. If there is compression at
this part, geometry buckles and flow separates. This is not desired phenomenon
because aerodynamic efficiency decreases. Therefore, smoothness of the surface is
maintained by pushing the control surface.

In the FEM, the required connection between the moment arm and actuation
rod was achieved by coupling the x, y and z displacement degrees of freedom and
rotational degrees of freedom about x and z axes of the nodes connecting the moment
arm and actuation rod. Figure 26 shows coupled nodes of moment arm and actuation

rods.
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Connection
Points to the
Servo Actuators

Figure 24: Moment Arm Connection Points to the Servo Actuators

Moment

Figure 25: Actuation Rod Line and Moment Arm Line
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Nodes Connecting /N

Moment Arm and
Actuation Rod

Figure 26: Coupled Nodes of Moment Arm and Actuation Rod
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Rigid part, compliant part and upper-lower shells of C Part are modelled with
surface bodies as shell elements. SHELL181 element is used for these parts. It is a
four-node element with six degrees of freedom at each node: translation in the X, y
and z directions, and rotations about the x, y and z axes. SHELL181 is well-suited
for large rotation and/or large strain nonlinear applications [34].

Element sizes of rigid part and compliant part are performed in a study based
on a mesh convergence study [18]. According to this study, rigid part’s skin is
modelled with 30 [mm] element size while upper-lower shells of C Part and
Compliant Parts are modelled with 10 [mm] element size.

C bar is modelled as a solid body. SOLID185 is used for this part. It is an
eight-node, 3D structural solid element. 5 [mm] element size is used for this part.
Side view and isometric view of meshed hybrid trailing edge closed cell control

surface are given in Figure 27 and Figure 28, respectively.

! ’L\/' .5'.:»)

Figure 27: Side View of Meshed Hybrid Trailing Edge Closed Cell Control

Surface
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Figure 28: Isometric View of Meshed Hybrid Trailing Edge Closed Cell

Control Surface

As described before, hybrid trailing edge control surface consists of three parts which
are C Part, Compliant Part and Rigid Part. Connections between these parts should
be described in FEM. In addition, servo actuators connection to the transmission
should be defined. The connections are performed by Contact Tool of ANSYS
Workbench Static Structural module. Bonded Contact is selected as a contact type.
Therefore, there is no sliding or separation between the contact edges or faces.
Connection between upper-lower shells of C part to the C bar is shown in Figure 29.
Compliant Part, on the other hand, is connected to the composite part and upper —
lower shells of C Part. Edge to edge connection is established. The connection

described is shown in Figure 30.

33



Bonded - upper rear To rear n -
04.02.2017 19:24 I I

. Bonded - lower rear To rear Noncommercial use only
. Bonded - upper rear To rear

Figure 29: Connection between Upper and Lower Shells of C Part to the C

Bar

Bonded - control surface part To lower compliant
04.02.2017 19:25 /\ \

. Bonded - upper rear To upper compliant

. Bonded - upper compliant To control surface part
. Bonded - lower compliant To lower rear

. Bonded - control surface part To lower compliant

Figure 30: Connection between Compliant Part-Rigid Part and Compliant

Part-Upper, Lower Shells of C Part

Connection between the push rod and transmission part is an edge to surface
connection. Connection is performed by selecting the surfaces of transmission part
and edges of the push rods where push rod touches the transmission part. This
connection is shown in Figure 31.
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Figure 31: Connection Push Rod and Transmission Part
It is assumed that there will be no deformations on the wing due to loads on the
trailing edge control surface. Therefore, surface of the C Part touching the wing is
fixed. There is no rotational and translational deformation at that surface. Boundary

condition described is shown in Figure 32.

B: Neoprene, Closed Cell, NACA 3510 ? i I_\\ I— SC% ﬁi; ?
" IFARYELY! \
Fixed Support AN AN b

Time: 1, 5
04.02.2017 19:30

. Fixed Support

Figure 32: Fixed Boundary Condition of C Bar

4.3 Finite Element Model of Open Cell Hybrid Trailing Edge Control Surface

Open Cell hybrid trailing edge control surface FEM is constructed with the
same element sizes, connections and boundary conditions of Closed Cell design as
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described in Section 4.2. Side view and isometric view of meshed hybrid trailing

edge closed cell control surface are given in Figure 33 and Figure 34 respectively.
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Figure 34: Isometric View of Meshed Hybrid Trailing Edge Open Cell

Control Surface

4.4 Finite Element Analysis

In the Finite Element Analysis (FEA), hybrid trailing edge control surface is

structurally analyzed. Nonlinear analyses are performed which include both

geometric and material nonlinearities. For the compliant part, Neoprene Rubber and

Silicone are used. Different composite thicknesses are investigated for both designs.
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In order to deflect from NACA 6510 to NACA 3510, 20.2 [mm] trailing edge
displacement in upward direction should be obtained. Also, to deflect from NACA
6510 to NACA 2510 15.2 [mm] trailing edge displacement in upward direction
should be obtained. Structural analyses are performed in order to displace the tip of
the trailing edge approximately 15.2 [mm] and 20.2 [mm]. In addition, composite
thicknesses of 1.0 [mm], 1.5 [mm] and 2.0 [mm] are used in the analysis. In all of the
composite thickness variations, mirror with respect to midline is aimed for
symmetry. For example, 1.0 [mm] case has the ply orientation of 0/90/90/0, 1.5
[mm] case has ply orientation of 90/0/0/0/0/90, 2.0 [mm] case has ply orientation of
90/0/90/0/0/90/0/90. Here, 0° means that the orientation is in the chord-wise direction

and 90° means that the one is in the span-wise direction.

4.5 Finite Element Analysis of Open Cell Hybrid Trailing Edge Control Surface

4.5.1 Neoprene Rubber Design with Different Composite Thicknesses

In this part, analysis results of Open Cell — Neoprene Rubber design with 2.0

[mm], 1.5 [mm] and 1.0 [mm] composite thickness are presented.

According to Table 5 given, Open Cell — Neoprene Rubber design with 2.0
[mm] composite thickness designs deflections are achieved by pushing the all servo
actuators. Axis system is the same as in Figure 34; therefore, y axis rotation of the

servo actuator moment arm results in z displacement of control surface.

Displacement in z direction, beam combined stress, equivalent elastic strain
contours are given from Figure 35 to Figure 37 for maintaining the NACA 6510
profile. As seen from Figure 36, maximum beam combined stress is 106 [MPa]
which is below the tensile yield strength of 280 [MPa] of Aluminium material. It can
be concluded from Figure 37 that there is almost no strain on the control surface
except the compliant part. This was the expected result because hyperelastic material
is used for this part which is a very soft. From the analysis, reaction torque for the
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servos actuating upper side of transmission part is 219 [Nmm] and reaction torque

for the servos actuating lower side of transmission part is 162 [Nmm]. Selected servo

actuators are capable of supporting this torques.

Table 5: Rotations of the Servo Moment Arms to Obtain the Desired NACA

Profiles (Open Cell-Neoprene Rubber Design with 2.0 [mm] composite thickness)

Morphing/Maintaining

y-Axis Rotation of
Moment Arm

y-Axis Rotation of
Moment Arm Actuating

NACA Profile Actuating the Upper the Lower Part
Part [deg] [deg]
NACA 6510 1.0 -3.0
NACA 3510 12.0 -26.0
NACA 2510 12.0 -29.9

k Neoprene, Open Cell, NACA 6510
Directional Defarmation

Type: Directional Deformation(Z £xis)
Unit: mrm

Global Coordinate Systern
Tirme: 1
30.11.2016 21:48

0,011144 Max
-0,074014

-0, 16097
-0,24703
-0,33300
-0,41815
-0,50521
-0,59127
-0,67732
-0,76338 Min

A SN
? NNSYS

Figure 35: Displacement in z Direction Contour - Maintaining the NACA

6510 Profile (Max 0.01 [mm], Open Cell-Neoprene Rubber with 2.0 [mm] composite

thickness)
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J: Neoprene, Open Cell, NACA 6510

Maxirmurn Cormbined Stress

Type: Maximurn Cormbined Stress - Top/Bottarn - Layer [
Unit: MPa
Tirme: 1
30112016 21:48

106,43 Max
94,108

81,70

£9,473
57,156
44,838
32,521
20,204
7,862
-4,4311 Min

Figure 36: Maximum Beam Combined Stress Contour - Maintaining the
NACA 6510 Profile (Max 106.43 [MPa], Open Cell-Neoprene Rubber Design with

2.0 [mm] composite thickness)

J: Neoprene, Open Cell, MACA 6510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottam - Layer 0
Unit: mrnfmrn
Time: L
30.1L2016 21:49

0,034189 Max
0,03039
0,026501
0,022793
0018904
0,015195
0,011396
0,0075976
1,00379%8
6.508e-9 Min

Figure 37: Equivalent Elastic Strain (von-Mises) Contour - Maintaining the
NACA 6510 Profile (Max 0.03 [mm/mm], Open Cell-Neoprene Rubber Design with
2.0 [mm] composite thickness)
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Displacement in z direction, beam combined stress, equivalent elastic strain
contours are given from Figure 38 to Figure 40 for morphing from NACA6510 to
NACA 3510 profile. As seen from Figure 40, maximum beam combined stress is 108
[MPa] which is below the tensile yield strength of 280 [MPa] of Aluminium
material. Also, it can be seen from Figure 40 that the composite part makes a rigid
body motion. From the analysis, reaction torque for the servos actuating upper side
of transmission part is 271 [Nmm] and reaction torque for the servos actuating lower
side of transmission part is 248 [Nmm]. Selected servo actuators are capable of
supporting this torques.

K: Neoprene, Open Cell, NACA 3510
Directional Deformation

Type: Directional Deformation(Z 2xis)
Unit: mm

Global Coordinate System

Time: L

30112016 2L:50

15.169 Max
13,467
11,764
10,062
8,3593
£,6566
4,543

3,2517
15402 @
-0,1533 Min X

Figure 38: Displacement in z Direction Contour — Morphing from NACA
6510 to NACA 3510 Profile (Max 15.17 [mm], Open Cell-Neoprene Rubber Design
with 2.0 [mm] composite thickness)

K: Meoprene, Open Cell, MACA 3510

Maximum Combined Stress

Type: Maxirnurn Combined Stress - Top/Bottom - Layer 0
Unit: MPa

Time: L

30.1L2016 21:50

108,55 Max
95,705
52,062
70,019
57,176
44333

31,49

18,647
58037
-7,0393 Min

Figure 39: Maximum Beam Combined Stress Contour - Morphing from
NACA 6510 to NACA 3510 Profile (Max 108.55 [MPa], Open Cell-Neoprene

Rubber Design with 2.0 [mm] composite thickness)
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K: Neoprene, Open Cell, NACA 3510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottom - Layer 0
Unit: mm/mm

Time: L

3012016 2151

0,27921 Max
0,24819
021717
016614
0,15512
01241
0,093071
0,062048
0,031024
3,2041e-9 Min

Figure 40: Equivalent Elastic Strain (von-Mises) Contour - Morphing from
NACA 6510 to NACA 3510 Profile (Max 0.28 [mm/mm], Open Cell-Neoprene
Rubber Design with 2.0 [mm] composite thickness)

Displacement in z direction, beam combined stress, equivalent elastic strain
contours are given from Figure 41 to Figure 43 for morphing from NACA6510 to
NACA 2510 profile. As seen from Figure 42, maximum beam combined stress is 114
[Mpa] which is below the tensile yield strength of 280 [Mpa] of Aluminium material.
From the analysis, reaction torque for the servos actuating upper side of transmission
part is 301 [Nmm] and reaction torque for the servos actuating lower side of
transmission part is 267 [Nmm]. Selected servo actuators are capable of supporting

this torques.

L: Neoprene, Open Cell, MACA 2510
Directional Deformation

Type: Directional Deformation(Z Axis)
Unit: rmm

Global Coordinate Spstem

Tirme: L
30.1L2016 2L:52

20,216 Max
17,052
15,669
13,426
11,163
£,5905
§,6363
43731
2,1008
-0,15333 Min

Figure 41: Displacement in z Direction Contour — Morphing from NACA
6510 to NACA 2510 Profile (Max 20.22 [mm], Open Cell-Neoprene Rubber Design

with 2.0 [mm] composite thickness)
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L: Meoprene, Open Cell, NACA 2510

Mairmurn Combined Stress

Type: Maximum Combined Stress - Top/Bottom - Layer 0
Unit: bPa

Tirne: 1

30112016 2153

114,81 Max
Lz
87,585
73473
60,361
46,749
33,137
18,525

59133
-7.6988 Min

Figure 42: Maximum Beam Combined Stress Contour - Morphing from
NACA 6510 to NACA 2510 Profile (Max 114.81 [MPa], Open Cell-Neoprene
Rubber Design with 2.0 [mm] composite thickness)

L: Neoprene, Open Cell, NACA 2510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottarn - Layer [
Unit: mm/fmm

Time: 1

30112016 21:54

0,32643 Max
,29016
0,25369
0,21762
0,18135
0, 14508
0, 10881
0,07254
0,03627
4,0055e-9 Min

Figure 43: Equivalent Elastic Strain (von-Mises) Contour - Morphing from
NACA 6510 to NACA 2510 Profile (Max 0.33 [mm/mm], Open Cell-Neoprene

Rubber Design with 2.0 [mm] composite thickness)

It is seen from the analysis that Open Cell, Neoprene Rubber with 2.0 [mm]
composite thickness design is capable of morphing to all desired NACA profiles in-
vacuo condition in terms of both material strength and servo actuators capability.

From this point, the rest of the Figures of the results will be given in
Appendices in order to have a better readability. Rotation of servo actuator moment
arms which is input to the system and results/outputs such as displacement in z-axis,
maximum beam combined stress, equivalent elastic strain (von-Mises) and reaction
torques of servo actuators results will be given in tables with their maximum values.
Rotations of servo moment arms in order to deform or maintain the each NACA

profile are given in Table 6 for Open Cell — Neoprene Rubber design with 1.5 [mm]
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and 1.0 [mm]. It is seen from the analyses that 1.0 [mm] composite thickness design
deflection is not capable of morphing from NACA 6510 to NACA 3510 profile and
NACA 6510 to NACA 2510 profile. This is because of the fact that transmission part
Is not stiff enough to transfer rotation of moment arms to the displacement.

Table 6: Rotations of the Servo Moment Arms to Obtain the Desired NACA
Profiles (Open Cell-Neoprene Rubber Design with 1.5 [mm] and 1.0 [mm]

composite thickness)

) y-Axis Rotation | y-Axis Rotation
Thickness of ) o
) Morphing/Maintaining | of Moment Arm | of Moment Arm
Composite ) ) )
Part NACA Profile Actuating the Actuating the
ar

Upper Part [deg] | Lower Part [deg]

NACA 6510 1.0 -4.0

1.5 [mm] NACA 3510 12.0 -27.6

NACA 2510 12.0 -31.7

NACA 6510 1.0 -5.0

1.0 [mm] NACA 3510 N/A N/A

NACA 2510 N/A N/A

Resultant displacement in z-axis, maximum beam combined stress and
equivalent elastic strain (von-Mises) results for Open Cell — Neoprene Rubber design
with 1.5 [mm] and 1.0 [mm] composite thicknesses are given in Table 7 and figures
can be obtained from Appendix Al from Figure 72 to Figure 83. It is seen that
maximum beam combined stress values for moment arm and push rod are below the
tensile yield strength of 280 [MPa] of Aluminium material. In addition, there is no

compression in the compliant part because there is no negative strain in the results.
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Table 7: Analysis Results to Obtain the Desired NACA Profiles (Open Cell-

Neoprene Rubber Design with 1.5 [mm] and 1.0 [mm] composite thickness)

Maximum
) _ Maximum | Equivalent
Thickness Maximum _
) o ) Beam Elastic
of Morphing/Maintaining | Displacement ) )
) ) ) o Combined Strain
Composite NACA Profile in z Direction
Stress (von-
Part [mm] )
[MPa] Mises)
[mm/mm]
NACA 6510 0.02 83.30 0.04
1.5 [mm] NACA 3510 15.23 95.56 0.29
NACA 2510 20.19 103.52 0.33
NACA 6510 0.03 47.46 0.07
1.0 [mm] NACA 3510 N/A N/A N/A
NACA 2510 N/A N/A N/A

For the Open Cell-Neoprene Rubber Design with 1.5 [mm] and 1.0 [mm]
composite thickness design, reaction torques for different morphing/maintaining
NACA profiles are given in Table 8. Selected servo actuators are capable of

supporting this torques.
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Table 8: Reaction Torques of Servo Actuators to Obtain the Desired NACA Profiles

(Open Cell-Neoprene Rubber Design with 1.5 [mm] and 1.0 [mm] composite

thickness)
Reaction Torque | Reaction Torque
) for the Servos for the Servos
Thickness of ] o ] ]
) Morphing/Maintaining | Actuating Upper | Actuating Lower
Composite ) ) )
Part NACA Profile Side of Side of
ar
Transmission Transmission
Part [Nmm] Part [Nmm]
NACA 6510 160 123
1.5 [mm] NACA 3510 210 201
NACA 2510 239 218
NACA 6510 88 79
1.0 [mm] NACA 3510 N/A N/A
NACA 2510 N/A N/A

4.5.2 Silicone Design with Different Composite Thicknesses

In this part, analysis results of Open Cell — Silicone design with 2.0 [mm], 1.5
[mm] and 1.0 [mm] composite thickness analyses are presented. Rotations of servo
moment arms in order to deform or maintain the each NACA profile are given in
Table 9 for Open Cell — Silicone design with 2.0 [mm], 1.5 [mm] and 1.0 [mm]. It is
seen from the analyses that 1.0 [mm] composite thickness design deflection is not
capable of morphing from NACA 6510 to NACA 3510 profile and NACA 6510 to
NACA 2510 profile. This is because of the fact that transmission part is not stiff

enough to transfer rotation of moment arms to the displacement.
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Table 9: Rotations of the Servo Moment Arms to Obtain the Desired NACA
Profiles (Open Cell-Silicone Design with 2.0 [mm], 1.5 [mm] and 1.0 [mm]

composite thickness)

) y-Axis Rotation | y-Axis Rotation of
Thickness of _ S
) Morphing/Maintaining | of Moment Arm Moment Arm
Composite ) ) )
Part NACA Profile Actuating the Actuating the
ar
Upper Part [deg] | Lower Part [deg]
NACA 6510 0.5 -2.0
2.0 [mm] NACA 3510 2.0 -20.4
NACA 2510 2.0 -25.6
NACA 6510 0.5 -2.0
1.5 [mm] NACA 3510 2.0 -25.0
NACA 2510 2.0 -31.8
NACA 6510 0.5 -2.0
1.0 [mm] NACA 3510 N/A N/A
NACA 2510 N/A N/A

Resultant displacement in z-axis, maximum beam combined stress and
equivalent elastic strain (von-Mises) results for Open Cell — Silicone design with 2.0
[mm], 1.5 [mm] and 1.0 [mm] composite thicknesses are given in Table 10 and
figures can be obtained from Appendix A2 from Figure 84 to Figure 104. It is seen
from the results that 2.0 [mm] composite thickness configuration cannot perform
morphing to NACA 2510 profile because the stress is higher than the tensile yield
strength of Aluminum which is 280 [MPa]. However for the other conditions given

in Table 10, maximum beam combined stress values for moment arm and push rod
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are below the tensile yield strength of Aluminium. In addition, there is no

compression in the compliant part because there is no negative strain in the results.

Table 10: Analysis Results to Obtain the Desired NACA Profiles (Open Cell-
Silicone Design with 2.0 [mm], 1.5 [mm] and 1.0 [mm] composite thickness)

Maximum
_ _ Maximum | Equivalent
Thickness Maximum )
) o ) Beam Elastic
of Morphing/Maintaining | Displacement _ )
) _ ) o Combined Strain
Composite NACA Profile in z Direction
Stress (von-
Part [mm] ]
[MPa] Mises)
[mm/mm)]
NACA 6510 0.01 78.09 0.02
2.0 [mm] NACA 3510 15.21 295.68 0.23
NACA 2510 20.19 355.50 0.28
NACA 6510 0.01 48.26 0.03
1.5 [mm] NACA 3510 15.23 226.96 0.24
NACA 2510 20.24 268.84 0.30
NACA 6510 0.01 18.88 0.03
1.0 [mm] NACA 3510 N/A N/A N/A
NACA 2510 N/A N/A N/A

For the Open Cell-Silicone Design with 2.0 [mm], 1.5 [mm] and 1.0 [mm]
composite thickness designs, reaction torques for morphing/maintaining NACA
profiles are given in Table 11. Selected servo actuators are just capable of
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maintaining the NACA 6510 profile. Morphing to NACA 3510 and NACA 2510

cannot be achieved because of the torque limit of servo actuator.

Table 11: Reaction Torques of Servo Actuators to Obtain the Desired NACA Profiles
(Open Cell-Silicone Design with 2.0 [mm], 1.5 [mm] and 1.0 [mm] composite

thickness)
Reaction Torque | Reaction Torque
) for the Servos for the Servos
Thickness of ] o ) )
) Morphing/Maintaining | Actuating Upper | Actuating Lower
Composite ] ] )
Dart NACA Profile Side of Side of
ar
Transmission Transmission Part
Part [Nmm] [Nmm]
NACA 6510 140 181
2.0 [mm] NACA 3510 892 1002
NACA 2510 1149 1191
NACA 6510 64 126
1.5 [mm] NACA 3510 701 931
NACA 2510 929 1090
NACA 6510 4 75
1.0 [mm] NACA 3510 N/A N/A
NACA 2510 N/A N/A




4.6 Finite Element Analysis of Closed Cell Hybrid Trailing Edge Control

Surface

4.6.1 Neoprene Rubber Design with Different Composite Thicknesses

In this part, analysis results of Closed Cell — Neoprene Rubber design with
2.0 [mm], 1.5 [mm] and 1.0 [mm] composite thickness analyses are presented.

Rotations of servo moment arms in order to deform or maintain the each
NACA profile are given in Table 12 for Closed Cell — Neoprene Rubber design with
2.0 [mm], 1.5 [mm] and 1.0 [mm].

Resultant displacement in z-axis, maximum beam combined stress and
equivalent elastic strain (von-Mises) results for Closed Cell — Neoprene design with
2.0 [mm], 1.5 [mm] and 1.0 [mm] composite thicknesses are given in Table 13 and
figures can be obtained from Appendix A3 from Figure 105 to Figure 131. It is seen
that maximum beam combined stress values for moment arm and push rod are below
the tensile yield strength of 280 [MPa] of Aluminium material. In addition, there is
no compression in the compliant part because there is no negative strain in the
results.

For the Closed Cell-Neoprene Rubber Design with 2.0 [mm], 1.5 [mm] and 1.0
[mm] composite thickness  design, reaction torques for  different
morphing/maintaining NACA profiles are given in Table 14. Selected servo actuators

are capable of supporting this torques.
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Table 12: Rotations of the Servo Moment Arms to Obtain the Desired NACA
Profiles (Closed Cell-Neoprene Rubber Design with 2.0 [mm], 1.5 [mm] and 1.0

[mm] composite thickness)

) y-Axis Rotation | y-Axis Rotation of
Thickness of ) o
) Morphing/Maintaining | of Moment Arm Moment Arm
Composite ) ) )
Part NACA Profile Actuating the Actuating the
ar
Upper Part [deg] | Lower Part [deg]
NACA 6510 1.0 -1.5
2.0 [mm] NACA 3510 12.0 -23.1
NACA 2510 12.0 -26.6
NACA 6510 1.0 -1.5
1.5 [mm] NACA 3510 12.0 -23.2
NACA 2510 12.0 -26.8
NACA 6510 1.0 -1.5
1.0 [mm] NACA 3510 12.0 -23.8
NACA 2510 12.0 -27.5
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Table 13: Analysis Results to Obtain the Desired NACA Profiles (Closed
Cell-Neoprene Rubber Design with 2.0 [mm], 1.5 [mm] and 1.0 [mm] composite

thickness)
Maximum
) _ Maximum | Equivalent
Thickness Maximum )
) o ) Beam Elastic
of Morphing/Maintaining | Displacement ] )
) _ ) o Combined Strain
Composite NACA Profile in z Direction
Stress (von-
Part [mm] )
[MPa] Mises)
[mm/mm]
NACA 6510 0.11 51.73 0.02
2.0 [mm] NACA 3510 15.20 95.89 0.26
NACA 2510 20.20 111.01 0.30
NACA 6510 0.03 39.27 0.02
1.5 [mm] NACA 3510 15.22 79.11 0.26
NACA 2510 20.26 93.10 0.31
NACA 6510 0.07 27.21 0.02
1.0 [mm] NACA 3510 15.20 53.61 0.26
NACA 2510 20.28 65.23 0.31
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Table 14: Reaction Torques of Servo Actuators to Obtain the Desired NACA
Profiles (Closed Cell-Neoprene Rubber Design with 2.0 [mm], 1.5 [mm] and 1.0

[mm] composite thickness)

Thickness of

Morphing/Maintaining

Reaction Torque
for the Servos
Actuating Upper

Reaction Torque
for the Servos
Actuating Lower

Composite ) ) )
Part NACA Profile Side of Side of
Transmission Transmission Part
Part [Nmm] [Nmm]
NACA 6510 155 226
2.0 [mm] NACA 3510 247 260
NACA 2510 267 283
NACA 6510 168 117
1.5 [mm] NACA 3510 201 208
NACA 2510 225 228
NACA 6510 110 81
1.0 [mm] NACA 3510 144 168
NACA 2510 169 188
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4.6.2 Silicone Design with Different Composite Thicknesses

In this part, analysis results of Closed Cell — Silicone design with 2.0 [mm],
1.5 [mm] and 1.0 [mm] composite thickness analyses are presented. Analyses
include displacement from NACA 6510 to NACA 2510, NACA 6510 to NACA
3510 and maintaining the NACA 6510 profiles in-vacuo condition.
Rotations of servo moment arms in order to deform or maintain the each
NACA profile are given in Table 15 for Closed Cell — Silicone design with 2.0 [mm],
1.5 [mm] and 1.0 [mm] composite thicknesses.

Resultant displacement in z-axis, maximum beam combined stress and
equivalent elastic strain (von-Mises) results for Closed Cell — Neoprene design with
2.0 [mm], 1.5 [mm] and 1.0 [mm] composite thicknesses are given in Table 16 and
figures can be obtained from Appendix A4 from Figure 132 to Figure 158. It is seen
that maximum beam combined stress values for moment arm and push rod are below
the tensile yield strength of 280 [MPa] of Aluminium material. In addition, there is
no compression in the compliant part because there is no negative strain in the

results.

For the Closed Cell-Silicone Design with 2.0 [mm], 1.5 [mm] and 1.0 [mm]
composite thickness design, reaction torques for different morphing/maintaining
NACA profiles are given in Table 17. Selected servo actuators are just capable of
maintaining the NACA 6510 profile. Morphing to NACA 3510 and NACA 2510
cannot be achieved because of the torque limit of servo actuator exceeds.
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Table 15: Rotations of the Servo Moment Arms to Obtain the Desired NACA
Profiles (Closed Cell- Silicone Design with 2.0 [mm], 1.5 [mm] and 1.0 [mm]

composite thickness)

) y-Axis Rotation | y-Axis Rotation of
Thickness of ) o
) Morphing/Maintaining | of Moment Arm Moment Arm
Composite ) ) )
Part NACA Profile Actuating the Actuating the
ar
Upper Part [deg] | Lower Part [deg]
NACA 6510 1.0 -1.5
2.0 [mm] NACA 3510 12.0 -23.8
NACA 2510 12.0 -27.8
NACA 6510 1.0 -1.5
1.5 [mm] NACA 3510 12.0 -24.6
NACA 2510 12.0 -28.8
NACA 6510 1.0 -1.5
1.0 [mm] NACA 3510 12.0 -27.4
NACA 2510 12.0 -32.7
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Table 16: Analysis Results to Obtain the Desired NACA Profiles (Closed

Cell- Silicone Design with 2.0 [mm], 1.5 [mm] and 1.0 [mm] composite thickness)

Maximum
_ _ Maximum | Equivalent
Thickness Maximum )
) o ] Beam Elastic
of Morphing/Maintaining | Displacement ) ]
) ) ) o Combined Strain
Composite NACA Profile in z Direction
Stress (von-
Part [mm] :
[MPa] Mises)
[mm/mm]
NACA 6510 0.19 37.30 0.02
2.0 [mm] NACA 3510 15.16 55.66 0.26
NACA 2510 20.28 88.07 0.31
NACA 6510 0.13 26.06 0.02
1.5 [mm] NACA 3510 15.27 53.14 0.26
NACA 2510 20.27 62.57 0.31
NACA 6510 0.01 15.94 0.01
1.0 [mm] NACA 3510 15.26 49.16 0.27
NACA 2510 20.26 57.12 0.32
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Table 17: Reaction Torques of Servo Actuators to Obtain the Desired NACA
Profiles (Closed Cell-Silicone Design with 2.0 [mm], 1.5 [mm] and 1.0 [mm]

composite thickness)

Thickness of

Morphing/Maintaining

Reaction Torque
for the Servos
Actuating Upper

Reaction Torque
for the Servos
Actuating Lower

Composite ) ) )
Part NACA Profile Side of Side of
Transmission Transmission
Part [Nmm] Part [Nmm]
NACA 6510 180 192
2.0 [mm] NACA 3510 525 1029
NACA 2510 788 1210
NACA 6510 119 150
1.5 [mm] NACA 3510 470 987
NACA 2510 725 1163
NACA 6510 49 100
1.0 [mm] NACA 3510 401 929
NACA 2510 652 1097
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4.7 Discussion and Conclusion

In this chapter, Open Cell and Closed Cell designs are structurally analyzed in-
vacuo conditions in order to perform the desired morphing capabilities.

It could be concluded from the results that thickness of the composite part
and the required torque to deflect the control surface into the desired NACA profiles
is directly proportional as can be seen from Figure 44 and Figure 45. The reason is
that standard earth gravity is included in the calculations and thicker/heavier
composite design needs more torque for the deflection. The same is true for beam
combined stress. Heavier design creates more stress on the moment arm and push rod
beams. Also, strain values of the designs are close to each other for same morphing
motion as can be seen from Figure 46. This is excepted because 15.2 [mm] tip
deflection for NACA 6510 to NACA 3510 morphing and 20.2 [mm] tip deflection
for NACA 6510 to NACA 2510 morphing is achieved in the analyses as shown in
Figure 47. Material, design and composite thickness does not affect the strain values.

Open Cell design with 2.0 [mm], 1.5 [mm] and 1.0 [mm] composite thickness
Is performed with Neoprene rubber and silicone materials used for compliant part. It
was shown that Open Cell design can perform desired morphing motions only for 2.0
[mm] and 1.5 [mm] composite thickness. It is not capable to morph into desired
NACA profiles for 1.0 [mm] composite thickness. The reason is explained as
follows. It is seen from the results that as the composite thickness get thicker rotation
of servo moment arms gets smaller. This is because of the fact that transmission part
is stiffer when the thickness is increased and stiffer structure transfers rotation of
moment arms to the displacement better. The reason why open cell 1.0 [mm]
composite thickness design is not capable of morphing is because of this fact. Also,
Open Cell with silicone design is not capable of morphing to NACA 2510 because
the maximum combined stress on the push rod and moment arm part is higher than
the tensile yield strength of Aluminum as shown in Figure 48.

Closed Cell design with 2.0 [mm], 1.5 [mm] and 1.0 [mm] composite

thickness is performed with Neoprene rubber and silicone materials used for
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compliant part. It is seen from the results that Closed Cell design is much stiffer than
the Open Cell design because it can perform desired morphing motions for 1 [mm]
composite thickness design. Closed form of transmission part of the control surface
is stiffer than the open form. As a result, Closed Cell design is better than the Open
Cell design. In addition, silicone design exceeds the torque limits of the selected
servo actuators. Therefore, Closed Cell Neoprene rubber design with different

composite thicknesses will be analyzed under the aerodynamic loads.

Servo Torque Actuating Upper Part [Nmm] vs Composite Thickness [mm]
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Figure 44: Servo Torque Actuating Upper Part for Open Cell (OC) and
Closed Cell (CC) Designs
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Servo Torque Actuating Lower Part [Nmm] vs Composite Thickness [mm)]
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Figure 45: Servo Torque Actuating Lower Part for Open Cell (OC) and
Closed Cell (CC) Designs for all Morphing Missions

Equivalent Elastic Strain [mm/mm] vs Composite Thickness [mm]
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Figure 46: Equivalent Elastic Strain (von-Mises) of Control Surface for Open
Cell (OC) and Closed Cell (CC) Designs
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Max Beam Combined Stress

[MPa]

TE Tip Displacement [mm] vs Composite Thickness [mm]
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Figure 47: Trailing Edge Tip Displacement of Control Surface for Open Cell
(OC) and Closed Cell (CC) Designs
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Figure 48: Max Beam Combined Stresses of Push Rod/Moment Arm for
Open Cell (OC) and Closed Cell (CC) Designs
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CHAPTER 5

AERODYNAMIC LOADS

5.1 Introduction

In this chapter, calculation of aerodynamic loads on the hybrid trailing edge
control surface is described. Aerodynamic load is calculated by Computational Fluid
Dynamics (CFD) analysis. First, brief information about the aerodynamic mesh
generated and CFD analysis performed are given. Generated mesh over the wing,
flow field mesh and total lifting force of the wing obtained with a script are given
together with the non-dimensional pressure coefficient (Cp) contours. Then, to obtain
the aerodynamic loads on FEM, interpolation method is described and interpolated
Cp contours on the hybrid trailing edge control surface are given. Finally,

methodology of script developed to obtain the total pressure force is described.

5.2 Brief Information about the Aerodynamic Analysis

In order to analyze the control surface structurally under the pressure loading
due to flight conditions, CFD analysis is performed for each morphing missions
given in Table 18 [36]. CFD analyses are performed within the CHANGE project.

For the Aerodynamic analysis, the flow field mesh is required. The mesh is
created base on the wing geometry with Pointwise V17.2R2 package program. Type
of the generated mesh is triangular and element size is 8 [mm]. There exists refining
near leading and trailing edges because flow starts from leading edge and leaves
from leading edge. In addition, there is high surface curvature at the leading edge and
trailing edges. During the meshing, y+ is also considered for the turbulence

modelling. Generated mesh over the wing and mesh of the outer domain can be seen
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from Figure 50 and Figure 50 respectively. Stanford University Unstructured (SU2)
v3.2.03 is chosen as the flow solver and the incompressible flow is chosen as the
flow regime since the Mach number is very small. The turbulence is modelled by

using Spallart-Allmaras turbulence modelling.

Table 18: Flight Conditions and Parameters Used in CFD

Cruise or
Loiter Take-off Phase High Speed Dash
Phase
o Maintaining Morphing to Morphing to 2510
Mission . . .
6510 Profile 3510 Profile Profile
Flight Speed [m/s] 13.24 21.15 30.55
Angle of Attack
6.62 1.71 1.05
[deg]
Density [kg/m®] 1.189 1.225 1.189
_ 304.8 304.8
Altitude [m] 0
(~1000 [ft]) (~1000 [ft])
Mach Number 0.039 0.063 0.090
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Figure 49. Generated Mesh Over the Wing for CFD Analysis [36]
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Figure 50. Generated Mesh of the Outer Domain for CFD Analysis [36]

In addition to the aerodynamic loads due to the flight condition given in Table
18, it is checked whether the control surface can perform the missions under higher
aerodynamic loads which are 2g, 3g and 4g. From the formula given in (1) and (2) it

is seen that aerodynamic load is proportional to the square root of velocity. In
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addition, (3) shows that force and load factor are directly proportional to each other.

Therefore for 2g, 3g and 4g aerodynamic loads V*v2, V*+/3 and 2*V is used.

F=q*xS+Cf (1)
1
q=§*poo*Vo§ (2)

where

q is the dynamic pressure

S is the reference area

Cf is the force coefficient

F is the total force

In addition, load factor n is defined as given in (3).

(3)

F
"=y

where

e Fis the total force
e W is the weight

Pressure distribution over the wing is taken from SU2 as Cp distribution. Therefore,

formula (4) is used in order to get the gauge pressure.

P,
G=1— @
EpooVoo

For 1g, 29, 3g and 4g aerodynamic load of loiter mission CFD analysis is
performed and pressure coefficient contours are given in Figure 51, Figure 52, Figure
53 and Figure 54. Since the Mach numbers for each configuration are considerably
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small, the contours of pressure coefficient for higher load factors are almost similar
to the one for 1g load factor condition. It is also seen that the Cp contour levels are
same for different loads factors in loiter mission. In addition, total force of the wing
due to pressure is calculated by a script written in Fortran language and verified with
SU2 output. Methodology used in the script is described in Chapter 5.4. According to
the results given in Table 19, there is a linear relation between the aerodynamic load
factor and lifting force of the wing. Therefore, for take-off phase (i.e. NACA 3510
configuration) and cruise/high speed dash phase (i.e. NACA 2510 configuration)
CFD run is performed only for 1g condition. Higher aerodynamic load cases are

obtained from 1g Cp distribution multiplying by 2g, 3g and 4g dynamic pressure.

Table 19: Total Lifting Force of the Wing (Loiter Mission)

Aerodvnamic Script Ouput SU2 Output
Mission Load >l;actor Wing Lifting Wing Lifting
Force - Fz [N] Force - Fz [N]
19 121.59 121.68
Loiter 29 244.30 244.47
(NACA
6510) 39 360.47 360.72
49 492.76 493.10
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Figure 51. Cp Contour for Loiter Mission (NACA 6510) 1g Aerodynamic
Load
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Figure 52. Cp Contour for Loiter Mission (NACA 6510) 2g Aerodynamic
Load
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TOP SURFACE
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Figure 53. Cp Contour for Loiter Mission (NACA 6510) 3g Aerodynamic
Load
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Figure 54. Cp Contour for Loiter Mission (NACA 6510) 4g Aerodynamic
Load
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1g aerodynamic pressure coefficient contours for takeoff and cruise/high speed
dash phase are given in Figure 55 and Figure 56. Aerodynamic pressure loads for 2g,
3g and 4g are obtained by scaling the 1g pressure contour with corresponding
dynamic pressure. At the cruise/high speed dash phase span of the wing is 1.6 [m]
which is smaller than the other phases. Table 20 shows the total lifting force of the
wing obtained by in-house developed code for take-off and cruise/high speed dash

missions.

Table 20: Total Lifting Force of the Wing (Take-off and Cruise/High Speed
Dash Missions)

. . - SU2 Output
Mission Aerodynamic Load Wing Lifting Wing Lifting
Factor Force - Fz [N] Force - Fz [N]
1g 127.80 127.52
Take-off 29 255.60 N/A
(NACA
3510) 39 383.40 N/A
49 511.20 N/A
) 19 127.29 126.94
Cruise or
High Speed 29 254.58 N/A
Dash
(NACA 3g 381.87 N/A
2510)
49 509.16 N/A
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Figure 55. Cp Contour for Takeoff Phase (NACA 3510) 1g Aerodynamic
Load
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Figure 56. Cp Contour for Cruise/High Speed Dash (NACA 2510) 1g
Aerodynamic Load
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5.3 Interpolation of Aerodynamic Loads on the Hybrid Trailing Edge Control

Surface

Aerodynamic pressure distribution on the control surface is obtained by
interpolation method. Pressures on the aerodynamic mesh nodes are interpolated to
the structural mesh nodes by Tecplot 360 2013R1 package programme. FEM mesh is
exported from ANSYS Static Structural module. FEM data contains node id, X, y and
z location of each node. FEM of undeformed control surface is then imported to the
Tecplot together with the aerodynamic pressure data. Inverse-distance interpolation
method is chosen while interpolating the pressure to FEM mesh. Inverse-distance
averages the values at the data points from the source zone to the data points in
destination zone [37]. Overall wing having the pressure distribution is taken as the
source zone and hybrid trailing edge control surface is the destination zone. The
average is weighted by a function of the distance between each source data point to
the destination data point. The closer a source data point to the destination data point,
the greater its value is weighted. The closest two aerodynamic node is weighted and
interpolated to the destination FEM node. Two node is selected because upper and
lower surfaces of trailing edge of the control surface is very close. If higher node
number is selected for source node, pressure distribution at the trailing edge is not
realistic. For example, upper side of the trailing edge of control surface interpolates
pressure from the lower side of the trailing edge of the control surface. Interpolated
pressures are given from Figure 57 to Figure 62. Lifting force of the control surface

for each morphing missions is given in Table 22.
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Figure 57. Cp Contour for Loiter Mission 1g Aerodynamic Load Interpolated
on Hybrid Trailing Edge Control Surface
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Figure 58. Cp Contour for Loiter Mission 2g Aerodynamic Load Interpolated
on Hybrid Trailing Edge Control Surface
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Figure 59. Cp Contour for Loiter Mission 3g Aerodynamic Load Interpolated
on Hybrid Trailing Edge Control Surface
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Figure 60. Cp Contour for Loiter Mission 4g Aerodynamic Load Interpolated
on Hybrid Trailing Edge Control Surface
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Figure 61. Cp Contour for Takeoff Phase 1g Aerodynamic Load Interpolated
on Hybrid Trailing Edge Control Surface
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Figure 62. Cp Contour for Cruise/High Speed Dash 1g Aerodynamic Load
Interpolated on Hybrid Trailing Edge Control Surface
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Table 21: Total Lifting Force of the Control Surface Obtained by Script

. Aerodynamic Load Control Surface Lifting Force -
Mission

Factor Fz [N]

1g 8.97

Loiter 29 18.08
(NACA 6510) 3g 26.42
49 36.68

1g 12.19

Take-off 29 24.31
(NACA 3510) 3g 36.56
49 48.74

19 16.17

Cruise or High 29 32.34

Speed Dash

(NACA 2510) 39 48.51
4g 64.68

5.4 Script Methodology for the Calculation of Total Aerodynamic Load

This script is developed in FORTRAN language for the calculation of total
force due to pressure. It is a post processing tool which reads the output file of SU2
and from the pressure values at each nodes it calculates the total pressure load.
Method, code input/outputs together with its format are presented as follows.

Input mesh file format for the code is the ASCII, Point format as shown in
Figure 63. Unit of the node location should be in meters and pressure should be in

Pascal. After the node X, y, z and pressure, element node connectivity information is
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given in the input mesh file as shown in Figure 64. If the element is triangular, three

nodes are written in the element connectivity information.

kIILE = "Visualization of the surface solution”
VARIABLES = "x"
"y’l

non

"Pressure[Pa]"”
ZONE T="wing_total"
STRANDID=0, SOLUTIONTIME=0

Nodes=21152,

Elements=42086,

DATAPACKING=POINT
DT=(SINGLE SINGLE SINGLE SINGLE )

x [m] location of

nodes

y [m] location of

nodes

ZONETYPE=FEQuadrilateral

z [m] location of

nodes

6.000000238E-001 0.000000000E+000 1.953000017E-002 3.139938164E+001 —  » Node 1
6.000000238E-001 0.000000000E+000 2.078999951E-002 -1.197134972E+001— > Node 2
6.000000238E-001 1.320000039E-003 2.078999951E-002 2.266449547E+001 —— Node 3
6.000000238E-001 2.877600025E-003 2.078999951E-002 3.373326111E+001 e
6.000000238E-001 4.715567920E-003 2.078999951E-002 3.021688652E+001 :
6.000000238E-001 6.884369999E-003 2.078999951E-002 2.718565941E+001
6.000000238E-001 9.443556890E-003 2.078999951E-002 2.981710625E+001
6.000000238E-001 1.246340014E-002 2.078999951E-002 2.376012611E+001
6.000000238E-001 1.602680981E-002 2.078999951E-002 1.034228230E+001
6.00000D238E-001 2.023163065E-002 2.078999951E-002 2.931187630E1+001
6.00000P238E-001 2.5193329P0E-002 2.078999951E-002 1.900785065E+001

Pressure [Pa] of

nodes

Figure 63. Mesh Input File Format Node Locations and Pressures

4.929572144E+002
6.000000000E+002
5.945343018E+002
5.835969849E+002
5.616994019E+002

1.100000000E+002
1.000000000E+002
1.000000000E+002
1.000000000E+002
1.000000000E+002

9.203203201E+000

-6.299999952E-001 -9.443898201E+000

3.409062326E-002
1.312955737E+000
3.666588783E+000

3.051266289E+001

1.130192852E+001
1.652625275E+001
2.214295769E+001

5.388115845E+002 1.000000000E+002 5.826216698E+000 2.511465073E+001
5.158963013E+002 1.000000000E+002 7.672508717E+000 2.859308624E+001

v 220372525002 A 0000000008002, 2., 202832330 4000, 2. 3278032148100 ...,
1 2 4 3=————p [lement 1 Nodes El ..
3 4 6@ 5 =—————p Element 2 Nodes ement connectivity
5 6§ 8 7 =———p Element 3 Nodes information starts here
2 910 4 @
4 10 11 6 :
6 11 12 8
9 13 14 10
10 14 15 11

Figure 64. Mesh Input File Format Element Node Connectivity Information

After reading the mesh input file, code generates the element properties such
as area, unit normal and center of gravity. Area is calculated as given in (5). If the

element is triangular (6) is used for the element area.

Area of Quad Element = |ﬁxﬁ| (5)
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(ABxAC]

Area of Triangle = — (6)
B(x2,y2.22) D (x4,y4,z4)
A(x1.,y1.z1) C(x3.y3,23)

Figure 65. Area of a Quad Element

Unit normal of an element is calculated as given in (7). All the unit normal of

the elements should be to the out of surface.
Unit Normal = ﬁ (7)
|ACxAB|

After that pressure is averaged from the nodes of an element. Then averaged
pressure is multiplied with the element area. Therefore, force of an element is
obtained. Force in x, y and z direction is obtained by using the unit normal of

element.

76



CHAPTER 6

STATIC STRUCTURAL ANALYSIS OF HYBRID TRAILING EDGE
CONTROL SURFACE UNDER AERODYNAMIC LOADS

6.1 Introduction

In this chapter, morphing wing hybrid trailing control surface is structurally
analyzed under aerodynamic loads. Static Structural module of ANSYS Workbench
v14.0 is used in the analysis. Closed cell hybrid trailing edge control surface with
Neoprene rubber material for different composite thicknesses is analyzed. FEM
described in Chapter 4.2 is used in the analyses. Analyses performed in this chapter
are summarized in Figure 58. For each design, structural analysis is performed for:

e Maintaining the NACA 6510 profile,
e Morphing from NACA 6510 to NACA 3510 profile,
e Morphing from NACA 6510 to NACA 2510 profile.
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STRUCTURAL ANALYSIS in VACUO CONDITION

DESIGN TYPE

'

CLOSED CELL

COMPLIANT PART MATERIAL

!

NEOPRENE RUBBER

Aerodynamic Load 1g, 2g, 3g, 4g

COMPOSITE THICKNESS

L1

1 [mm] 1.5 [mm] 2 [mm]

Figure 66. Static Structural Analyses Performed for Hybrid Trailing Edge

Control Surface under Aerodynamic Loads

6.2 Finite Element Analysis of Closed Cell Hybrid Trailing Edge Control
Surface with Neoprene Rubber Design

In this part, analysis results of Closed Cell — Neoprene Rubber design with 2.0
[mm], 1.5 [mm] and 1.0 [mm] composite thickness analyses are presented. Analyses
include displacement from NACA 6510 to NACA 2510, NACA 6510 to NACA
3510 and maintaining the NACA 6510 profiles under aerodynamic loads described in
CHAPTER 5. Analyses are performed in two steps. In the first step, there is no
pressure acting on the system. Rotations described in Chapter 4.6.1 are given to the
servo actuators. Therefore, hybrid trailing edge control surface is morphed or
maintained the desired NACA profiles in-vacuo condition. In the second step,

aerodynamic load is applied to the deformed control surface and rotations of servo
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actuators are adjusted in order to achieve the desired NACA profiles under
aerodynamic loads. Since aerodynamic load applied to the control surface is in

upward direction, it helps servo actuators while deforming the control surface.

6.2.1 Composite Thicknesses of 2.0 [mm] Design

Rotations of servo moment arms under aerodynamic loads in order to deform
or maintain the each NACA profile are given in Table 22 for Closed Cell — Neoprene

Rubber design with 2.0 [mm] composite thickness design.

Resultant displacement in z-axis, maximum beam combined stress and
equivalent elastic strain (von-Mises) results for Closed Cell — Neoprene design with
2.0 [mm] composite thicknesses are given in Table 23. Figures of the results given
can be obtained from Appendix B1 between the Figure 159 and Figure 194. It is seen
that maximum beam combined stress values for moment arm and push rod are below
the tensile yield strength of 280 [MPa] of Aluminium material. In addition, there
exist bump at the compliant part for morping to NACA 2510 profile under 3g and 4g
aerodynamic loading as seen from Figure 189 and Figure 192. Therefore, 3g and 4g
aerodynamic loading is not operational because control surface is not smooth
anymore and hence flow separates. As a result, aerodynamic efficiency decreases

which is not a desired.

For the Closed Cell-Neoprene Rubber Design with 2.0 [mm] composite
thickness, reaction torques for different morphing/maintaining NACA profiles under
aerodynamic loading is given in Table 24. Selected servo actuators are capable of
supporting this torques. It is seen from the results that up to 2g aerodynamic loading
torque of servo actuators decrease. After that reaction torques increase for 3g and 4g
aerodynamic loading. This is because of the magnitude of aerodynamic load. 3g and
4g aerodynamic loading is so high that servo actuators resist instead of creating

torque.
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Table 22: Rotations of the Servo Moment Arms to Obtain the Desired NACA
Profiles under Aerodynamic Loads (Closed Cell-Neoprene Rubber Design with 2.0

[mm] composite thickness)

y-Axis Rotation | y-Axis Rotation
Aerodynamic | Morphing/Maintaining | of Moment Arm | of Moment Arm
Load NACA Profile Actuating the Actuating the
Upper Part [deg] | Lower Part [deg]
NACA 6510 1.0 -1.2
19 NACA 3510 12.0 -22.8
NACA 2510 12.0 -26.2
NACA 6510 1.0 -1.0
29 NACA 3510 12.0 -22.5
NACA 2510 12.0 -25.8
NACA 6510 1.0 -1.0
39 NACA 3510 12.0 -22.3
NACA 2510 12.0 -25.3
NACA 6510 1.0 -0.8
4g NACA 3510 12.0 -21.7
NACA 2510 12.0 -24.9
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Table 23: Analysis Results to Obtain the Desired NACA Profiles under Aerodynamic
Loads (Closed Cell-Neoprene Rubber Design with 2.0 [mm] composite thickness)

Maximum
] Maximum | Equivalent
Maximum )
) ) o ) Beam Elastic
Aerodynamic | Morphing/Maintaining | Displacement ] )
] ) L Combined Strain
Load NACA Profile in z Direction
Stress (von-
[mm] :
[MPa] Mises)
[mm/mm]
NACA 6510 0.01 26.34 0.01
19 NACA 3510 15.18 69.27 0.26
NACA 2510 20.21 93.49 0.30
NACA 6510 0.12 4.54 0.01
29 NACA 3510 15.17 99.76 0.26
NACA 2510 20.21 134.45 0.30
NACA 6510 0.25 23.47 0.02
39 NACA 3510 15.23 130.06 0.26
NACA 2510 20.21 162.27 0.31
NACA 6510 0.41 51.20 0.02
49 NACA 3510 15.16 186.81 0.26
NACA 2510 20.24 200.78 0.31
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Table 24: Reaction Torques of Servo Actuators to Obtain the Desired NACA Profiles

under Aerodynamic Load (Closed Cell-Neoprene Rubber Design with 2.0 [mm]

composite thickness)

Reaction Torque | Reaction Torque
for the Servos for the Servos
Aerodynamic | Morphing/Maintaining | Actuating Upper | Actuating Lower
Load NACA Profile Side of Side of
Transmission Transmission Part
Part [Nmm] [Nmm]
NACA 6510 151 111
19 NACA 3510 151 181
NACA 2510 139 178
NACA 6510 76 58
29 NACA 3510 43 103
NACA 2510 7 75
NACA 6510 13 13
39 NACA 3510 65 26
NACA 2510 146 26
NACA 6510 75 57
49 NACA 3510 228 87
NACA 2510 288 128
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6.2.2 Composite Thicknesses of 1.5 [mm] Design

Rotations of servo moment arms under aerodynamic loads in order to deform
or maintain the each NACA profile are given in Table 25 for Closed Cell — Neoprene

Rubber design with 1.5 [mm] composite thickness design.

Resultant displacement in z-axis, maximum beam combined stress and
equivalent elastic strain (von-Mises) results for Closed Cell — Neoprene design with
1.5 [mm] composite thicknesses are given in Table 26. Figures of the results given
can be obtained from Appendix B2 between the Figure 195 and Figure 230. It is seen
that maximum beam combined stress values for moment arm and push rod are below
the tensile yield strength of 280 [MPa] of Aluminium material. In addition, there
exist bump at the compliant part for morphing to NACA 2510 profile under 3g and
4g aerodynamic loading as seen from Figure 225 and Figure 228. Therefore, 3g and
4g aerodynamic loading is not operational because control surface is not smooth
anymore and flow separates and as a result, aerodynamic efficiency decreases which

is not a desired phenomenon.

For the Closed Cell-Neoprene Rubber Design with 1.5 [mm] composite
thickness, reaction torques for different morphing/maintaining NACA profiles under
aerodynamic loading is given in Table 27. Selected servo actuators are capable of
supporting this torques. It is seen from the results that up to 2g aerodynamic loading
torque of servo actuators decrease. After that reaction torques increase for 3g and 4g
aerodynamic loading. This is because of the magnitude of aerodynamic load. 3g and
4g aerodynamic loading is so high that servo actuators resist instead of creating

torque.
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Table 25: Rotations of the Servo Moment Arms to Obtain the Desired NACA
Profiles under Aerodynamic Loads (Closed Cell-Neoprene Rubber Design with 1.5

[mm] composite thickness)

y-Axis Rotation | y-Axis Rotation
Aerodynamic | Morphing/Maintaining | of Moment Arm | of Moment Arm
Load NACA Profile Actuating the Actuating the
Upper Part [deg] | Lower Part [deg]
NACA 6510 1.0 -1.1
19 NACA 3510 12.0 -22.8
NACA 2510 12.0 -26.2
NACA 6510 1.0 -1.0
29 NACA 3510 12.0 -22.5
NACA 2510 12.0 -25.6
NACA 6510 1.0 -0.9
39 NACA 3510 12.0 -22.0
NACA 2510 12.0 -24.8
NACA 6510 1.0 -0.5
4g NACA 3510 12.0 -21.6
NACA 2510 12.0 -24.0
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Table 26: Analysis Results to Obtain the Desired NACA Profiles under
Aerodynamic Loads (Closed Cell-Neoprene Rubber Design with 1.5 [mm]

composite thickness)

Maximum
) Maximum | Equivalent
Maximum ]
_ ) S _ Beam Elastic
Aerodynamic | Morphing/Maintaining | Displacement ] )
Combined Strain
Load NACA Profile in z Direction
Stress (von-
[mm] :
[MPa] Mises)
[mm/mm]
NACA 6510 0.01 13.49 0.01
19 NACA 3510 15.17 71.79 0.26
NACA 2510 20.23 94.96 0.30
NACA 6510 0.16 14.42 0.01
29 NACA 3510 15.28 105.48 0.26
NACA 2510 20.20 135.96 0.30
NACA 6510 0.30 33.74 0.02
39 NACA 3510 15.24 132.85 0.26
NACA 2510 20.27 155.49 0.31
NACA 6510 0.48 62.02 0.03
49 NACA 3510 15.26 162.83 0.26
NACA 2510 20.18 19251 0.31
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Table 27: Reaction Torques of Servo Actuators to Obtain the Desired NACA
Profiles under Aerodynamic Load (Closed Cell-Neoprene Rubber Design with 1.5

[mm] composite thickness)

Reaction Torque | Reaction Torque
for the Servos for the Servos
Aerodynamic | Morphing/Maintaining | Actuating Upper | Actuating Lower
Load NACA Profile Side of Side of
Transmission Transmission Part
Part [Nmm] [Nmm]
NACA 6510 93 69
19 NACA 3510 93 137
NACA 2510 82 133
NACA 6510 19 17
29 NACA 3510 69 105
NACA 2510 63 31
NACA 6510 44 31
39 NACA 3510 122 17
NACA 2510 200 69
NACA 6510 135 95
49 NACA 3510 229 94
NACA 2510 342 173
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6.2.3 Composite Thicknesses of 1.0 [mm] Design

Rotations of servo moment arms under aerodynamic loads in order to deform
or maintain the each NACA profile are given in Table 28 for Closed Cell — Neoprene

Rubber design with 1.0 [mm] composite thickness design.

Resultant displacement in z-axis, maximum beam combined stress and
equivalent elastic strain (von-Mises) results for Closed Cell — Neoprene design with
1.0 [mm] composite thicknesses are given in Table 29. Figures of the results given
can be obtained from Appendix B3 between the Figure 231 and Figure 266. It is seen
that maximum beam combined stress values for moment arm and push rod are below
the tensile yield strength of 280 [MPa] of Aluminium material. In addition, there
exist bump at the compliant part for morphing to NACA 2510/3510 profile under 3g
and morphing to NACA 2510 profile under 4g aerodynamic loading as seen from
Figure 252, Figure 261 and Figure 264. Therefore, 3g and 4g aerodynamic loading is
not operational because control surface is not smooth anymore and flow separates

which results in decrease in aerodynamic efficiency.

For the Closed Cell-Neoprene Rubber Design with 1.0 [mm] composite
thickness, reaction torques for different morphing/maintaining NACA profiles under
aerodynamic loading is given in Table 30. Selected servo actuators are capable of
supporting this torques. It is seen from the results that for 2g and higher aerodynamic
loading torque of servo actuators increase. This is because of the magnitude of
aerodynamic load. 2g, 3g and 4g aerodynamic loading is so high that servo actuators

again resist instead of creating required torque.
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Table 28: Rotations of the Servo Moment Arms to Obtain the Desired NACA
Profiles under Aerodynamic Loads (Closed Cell-Neoprene Rubber Design with 1.0

[mm] composite thickness)

y-Axis Rotation | y-Axis Rotation
Aerodynamic | Morphing/Maintaining | of Moment Arm | of Moment Arm
Load NACA Profile Actuating the Actuating the
Upper Part [deg] | Lower Part [deg]
NACA 6510 1.0 -1.1
19 NACA 3510 12.0 -22.9
NACA 2510 12.0 -26.2
NACA 6510 1.0 -0.7
29 NACA 3510 12.0 -21.9
NACA 2510 12.0 -24.9
NACA 6510 1.0 -0.2
39 NACA 3510 12.0 -21.1
NACA 2510 12.0 -22.8
NACA 6510 1.0 0.0
4g NACA 3510 12.0 -19.2
NACA 2510 12.0 -21.1
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Table 29: Analysis Results to Obtain the Desired NACA Profiles under Aerodynamic

Loads (Closed Cell-Neoprene Rubber Design with 1.0 [mm] composite thickness)

Maximum
] Maximum | Equivalent
Maximum )
) ) o ) Beam Elastic
Aerodynamic | Morphing/Maintaining | Displacement ] )
] ) L Combined Strain
Load NACA Profile in z Direction
Stress (von-
[mm] :
[MPa] Mises)
[mm/mm]
NACA 6510 0.03 2.1 0.01
19 NACA 3510 15.20 62.25 0.26
NACA 2510 20.29 82.24 0.30
NACA 6510 0.24 25.19 0.01
29 NACA 3510 15.11 92.99 0.26
NACA 2510 20.17 123.56 0.30
NACA 6510 0.41 45.55 0.02
39 NACA 3510 15.26 123.91 0.25
NACA 2510 20.26 129.70 0.31
NACA 6510 0.85 72.63 0.03
49 NACA 3510 15.21 122.24 0.26
NACA 2510 20.19 162.52 0.31

89



Table 30: Reaction Torques of Servo Actuators to Obtain the Desired NACA Profiles

under Aerodynamic Load (Closed Cell-Neoprene Rubber Design with 1.0 [mm]

composite thickness)

Reaction Torque | Reaction Torque
for the Servos for the Servos
Aerodynamic | Morphing/Maintaining | Actuating Upper | Actuating Lower
Load NACA Profile Side of Side of
Transmission Transmission Part
Part [Nmm] [Nmm]
NACA 6510 36 28
19 NACA 3510 37 93
NACA 2510 26 88
NACA 6510 36 24
29 NACA 3510 70 17
NACA 2510 117 13
NACA 6510 100 70
39 NACA 3510 175 60
NACA 2510 250 116
NACA 6510 186 130
49 NACA 3510 271 137
NACA 2510 389 220
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6.3 Discussion and Conclusion

In this chapter, Closed Cell — Neoprene rubber design with different composite
thicknesses are structurally analyzed under aerodynamic loads in order to perform
the desired morphing capabilities.

As given in Table 21, aerodynamic pressure distributions apply a force to the
control surface in upward/decamber direction. As a result, torque values of the servo
actuators decrease. However, results of analyses showed that for higher aerodynamic
loads servo actuators are resisting aerodynamic loads to maintain the desired NACA
profiles. For 2.0 [mm] and 1.5 [mm] composite thickness, 1g and 2g aerodynamic
load helps servo actuators to decamber but 3g and 4g aerodynamic load requires
servo actuator resistance in order to morph into desired NACA profiles. For 1.0
[mm] composite thickness, servo actuators are resisting to keep the control surface in
the desired NACA profiles under aerodynamic loads higher than 1g. Summary of the
servo actuator torques are given in Figure 67 and Figure 68.

It could be concluded from the results of the analyses that Closed Cell —
Neoprene rubber design with 2.0 [mm], 1.5 [mm] and 1.0 [mm] composite
thicknesses are capable of performing all the missions even if under higher
aerodynamic loads up to 4g. However, 3g and 4g aerodynamic loads create bump at
the compliant part. This is not a desired phenomenon because control surface is not
smooth anymore and as a result, aerodynamic efficiency decreases. Strain and
trailing edge tip displacement for the analyses under aerodynamic loads is given in
Figure 69 and Figure 70. It is seen that 15.2 [mm] and 20.2 [mm] tip displacement
while morphing to NACA 3510 and NACA 2510 is successfully achieved. Also,
stress values of push rod and moment arm are below the yield strength of Aluminum
as shown in Figure 71.

Considering the weight of the control surface, 1 [mm] composite thickness
design is 0.268 [kg] and 0.536 [kg] lighter than 1.5 [mm] and 2.0 [mm] composite
thickness designs respectively. As a result, Closed Cell — Neoprene rubber design

with 1.0 [mm] composite thickness turns out to be the best design.

91



Servo Torque Actuating Upper Part [Nmm] vs Composite Thickness [mm)]
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Figure 67: Servo Torque Actuating Upper Part for Closed Cell-Neoprene

Design under Aerodynamic Loads
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Equivalent Elastic Strain [mm/mm] vs Composite Thickness [mm]
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Figure 69: Equivalent Elastic Strain (von-Mises) of Control Surface for

Closed Cell-Neoprene Design under Aerodynamic Loads
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Max Beam Combined Stress [MPa] vs Composite Thickness [mm]
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CHAPTER 7

CONCLUSION

7.1 General Conclusions

This thesis study aims to present the design and structural analysis of hingeless,
unconventional hybrid trailing edge control surface of a fully morphing unmanned
aerial vehicle wing. Control surface was designed with CATIA V5-6R2012 software
and analyzed with ANSYS Static Structural software.

The first part of the thesis was dedicated to the design and analysis of the
hybrid trailing edge control surface in-vacuo condition. Neoprene and silicone
material for compliant part, Open and Closed Cell designs for composite part,
thickness of composite part variations were investigated. It was shown that as
composite structure gets thicker, torque of servo actuators increased due to earth
gravity. In addition, heavier design created more stress on the moment arm and push
rod beams. Also, it was shown that Open Cell design was not able to perform desired
morphing missions for 1 [mm] composite thickness because it was not rigid/stiff
enough to transmit the rotation of moment arm to the control surface. Open Cell with
silicone design was not capable of morphing to NACA 2510 because the maximum
combined stress on the push rod and moment arm part is higher than the tensile yield
strength of Aluminum which is 280 [MPa]. It was seen from the results that closed
cell design is much stiffer than the open cell design because it performed desired
morphing motions for 1 [mm] composite thickness design. However, Closed Cell
with silicone material exceeded the torque limits of the selected servo actuators.
Therefore, structural analysis under aerodynamic loads only performed for Closed

Cell design with Neoprene rubber material.
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The second part of the thesis focused on the aerodynamic loads on the control
surface. CFD analyses of morphed wings were performed. It was shown that the
pressure distribution over the wing for loiter mission is similar for 1g, 2g, 3g and 4g
aerodynamic loading. In addition, total lifting force increased linearly with
increasing aerodynamic load. Therefore, it was assumed that cruise/high speed dash
and takeoff 2g, 3g and 4g aerodynamic loads can be obtained by scaling the 1g
pressure distribution with the corresponding dynamic pressure. After that,
aerodynamic loads on the control surface were obtained by interpolation method.
Pressure distribution over the wing was interpolated to the Finite Element Model of
control surface. Total lifting force over the wing and control surface was calculated
with in-house developed code for each morphing missions.

In the third part of the thesis, control surface was structurally analyzed
under the aerodynamic loads due to morphing missions. 1g, 2g, 3g and 4g
aerodynamic loads were applied to the control surface. It was shown in Table 21 that
resultant aerodynamic loads on the control surface are in upward/decamber direction.
Therefore, torque values of the servo actuators decreased. Results of analyses also
showed that for higher aerodynamic loads servo actuators are resisting aerodynamic
loads to maintain the desired NACA profiles. It was shown that control surface is
capable of performing all the morphing missions for all aerodynamic loads.
However, 3g and 4g aerodynamic loads created bump at the compliant part which is
not desired. Considering the weight of the control surface, Closed Cell — Neoprene
rubber design with 1.0 [mm] composite thickness was selected as the best design. 1
[mm] composite thickness design saved 0.268 [kg] and 0.536 [kg] for 1.5 [mm] and

2.0 [mm] composite thickness designs respectively for one wing.

7.2 Recommendations for Further Studies

Different type, thicknesses, lengths of compliant material can be studied in

order to reduce the servo actuator torques.
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C part can be redesigned with different materials and different thicknesses
considering the servo actuator connections.

Composite material properties can be varied and the effects of this change can
be investigated.

By setting the thickness of the transmission part at a particular value which is
stiff enough to carry the pushrod /moment arm load, parametric structural analyses
regarding the thickness change in the composite part can be performed.

Angle of attack change can be considered for the 2g, 3g and 4g aerodynamic
loads instead of just increasing the flight velocity.

Fatigue analysis for the compliant and transmission part can be performed.

Aeroelastic characteristic of the control surface can be conducted.

Shape memory alloys can be used in the control surface design.
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APPENDICES

APPENDIX Al

Open Cell — Neoprene Rubber Design Results

In this part, in-vacuo condition Open Cell — Neoprene Rubber design results of the

analysis are presented.
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Figure 72: Displacement in z Direction Contour - Maintaining the NACA
6510 Profile (Max 0.02 [mm], Open Cell-Neoprene Rubber Design with 1.5 [mm]
composite thickness)
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Figure 73: Maximum Beam Combined Stress Contour - Maintaining the
NACA 6510 Profile (Max 83.34 [MPa], Open Cell-Neoprene Rubber Design with

1.5 [mm] composite thickness)
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Figure 74: Equivalent Elastic Strain (von-Mises) Contour - Maintaining the
NACA 6510 Profile (Max 0.04 [mm/mm], Open Cell-Neoprene Rubber Design with
1.5 [mm] composite thickness)
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Figure 75: Displacement in z Direction Contour - Morphing from NACA
6510 to NACA 3510 Profile (Max 15.23 [mm], Open Cell-Neoprene Rubber Design

with 1.5 [mm] composite thickness)
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Figure 76: Maximum Beam Combined Stress Contour - Morphing from
NACA 6510 to NACA 3510 Profile (Max 95.56 [MPa], Open Cell-Neoprene Rubber

Design with 1.5 [mm] composite thickness)
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Figure 77: Equivalent Elastic Strain (von-Mises) Contour - Morphing from
NACA 6510 to NACA 3510 Profile (Max 0.29 [mm/mm], Open Cell-Neoprene
Rubber Design with 1.5 [mm] composite thickness)
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Figure 78: Displacement in z Direction Contour - Morphing from NACA
6510 to NACA 2510 Profile (Max 20.19 [mm], Open Cell-Neoprene Rubber Design

with 1.5 [mm] composite thickness)
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Figure 79: Maximum Beam Combined Stress Contour - Morphing from
NACA 6510 to NACA 2510 Profile (Max 103.52 [MPa], Open Cell-Neoprene

Rubber Design with 1.5 [mm] composite thickness)

105



L: Neoprene, Open Cell, MACA 2510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottam - Layer 0
Unit: mm/mm

Time: 1

30112016 21:59

Y 1 675 T Vi~
VSR
DN

AN )

0,33437 Max
0,29721
0, 26006

0,22291

0,18576

e /’—
011146

0,074303

0037152
5,5974e-9 Min

Figure 80: Equivalent Elastic Strain (von-Mises) Contour - Morphing from
NACA 6510 to NACA 2510 Profile (Max 0.33 [mm/mm], Open Cell-Neoprene

Rubber Design with 1.5 [mm] composite thickness)
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Figure 81: Displacement in z Direction Contour - Maintaining the NACA
6510 Profile (Max 0.02 [mm], Open Cell-Neoprene Rubber Design with 1.0 [mm]

composite thickness)

J: Meoprene, Open Cell. NACA 6510

Maxirurm Cornbined Stress

Type: Maximum Combined Stress - Top/Bottom - Layer 0
Unit: MPa

Tirne: 1
30112016 22:02

ey Wie
N

NP L N

47,461 Max
41,933
36,385
30,846
25,308

19,77

14232
46038
3,1597
-2,3825 Min

Figure 82: Maximum Beam Combined Stress Contour - Maintaining the
NACA 6510 Profile (Max 47.46 [MPa], Open Cell-Neoprene Rubber Design with

1.0 [mm] composite thickness)
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J: Meoprene, Open Cell, NACA 6510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottarn - Layer [
Unit: rm/ram

Time: 1

301L2016 2202

0,069731 Max
0061964
0,054236
0,046488
0,03874
0,030042
0,023244
0,015488
0,0077479
6.3016e-9 Mi

Figure 83: Equivalent Elastic Strain (von-Mises) Contour - Maintaining the
NACA 6510 Profile (Max 0.07 [mm/mm], Open Cell-Neoprene Rubber Design with
1.0 [mm] composite thickness)
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APPENDIX A2

Open Cell - Silicone Design Results

In this part, in-vacuo condition Open Cell — Silicone design results of the analysis are

presented.
G: Silicone, Open Cell, NACA 6510 i ITJ’ (Y4
Directional Deformation Y "-\ )] j\ ()]

Type: Directional Deformation(Z Axis)
Unit: rm

Global Coordinate Systern
Tirne: 1
30112016 22:05

0,0074745 Max
-0,060903
-0,12928

-0, 19756
-0,26604
-0,33441
-0,40279
-0,47117
-0,53955
-0,60792 Min

Figure 84: Displacement in z Direction Contour - Maintaining the NACA
6510 Profile (Max 0.01 [mm], Open Cell-Silicone Design with 2.0 [mm] composite

thickness)

G: Silicone, Open Cell, NACA 6510 N \\\.J“T:S‘F\/ (W
Maxirmum Cormbined Stress I"-\‘ 'D—) j L 'L\\_))
Type: Maximum Combined Stress - Top/Bottom - Layer 0
Unit: MPa
Tirme: 1

30.1L2016 22:06

78,087 Max
£6,671
59,654
50,438
41,221
32,005
22,788
13,572

4,355
-4,8615 Min

Figure 85: Maximum Beam Combined Stress Contour - Maintaining the
NACA 6510 Profile (Max 78.09 [MPa], Open Cell-Silicone Design with 2.0 [mm]

composite thickness)
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G: Silicone, Open Cell, NACA 6510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottam - Layer 0
Unit: mm/mm
Tirme: 1
301L2016 22:06

0,024148 Max
0,021465
0,018782
0,016009
0,013416
0,010733
0,0080424
0,0053663
0,0026832 B et
6,3128e-0 Mir-

Figure 86: Equivalent Elastic Strain (von-Mises) Contour - Maintaining the
NACA 6510 Profile (Max 0.02 [mm/mm], Open Cell-Silicone Design with 2.0 [mm]
composite thickness)

H: Silicone, Open Cell, MACA 3510
Directional Deformation

Type: Directional DeformationiZ &xis)
Unit: rarn

Global Coordinate Spstem

Tirme: L

30112016 2206

15,206 Max
13,484
11,763
10,042
8,320

6,599

48776

3,1563
1,435 [
-0,28638 Min i

Figure 87: Displacement in z Direction Contour - Morphing from NACA
6510 to NACA 3510 Profile (Max 15.21 [mm], Open Cell-Silicone Design with 2.0

[mm] composite thickness)

H: Silicone, Open Cell, NACA 3510

Maximum Combined Stress

Type: Maxirnurn Combined Stress - Top/Bottorn - Layer 0
Unit: MPa

Time: 1

30.1L2016 22:07

(NN
S, W N
Y )]
[ LR

295,68 Max
250,52
223,36

187,2

151,04
11488
74,725
42,565
£,4053
29,754 Min

Figure 88: Maximum Beam Combined Stress Contour - Morphing from
NACA 6510 to NACA 3510 Profile (Max 295.68 [MPa], Open Cell-Silicone

Design with 2.0 [mm] composite thickness)
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H: Silicone, Open Cell, MACA 3510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottorn - Layer 0
Unit: rrmftarn

Tirne: 1

30.11.2016 22:07

Ay ﬁ"-T\T\ L il
NILSNYAS

bt L

0,22753 Max
0,202%5
0, 17607
0,15169
10,1264
010112
1,075643
1050562
0025281
2,2808e-8 Min

Figure 89: Equivalent Elastic Strain (von-Mises) Contour - Morphing from
NACA 6510 to NACA 3510 Profile (Max 0.23 [mm/mm], Open Cell-Silicone
Design with 2.0 [mm] composite thickness)

L Silicone, Open Cell, NACA 2510
Directional Defarmation

Type: Directional Deformation(Z Qxis)
Unit rrm

Global Coordinate System

Tirme: L

30112016 22:08

20,185 Max
17,909
15,634
13,35
11,063
8,3079
£,5375
42571
L9818 L
-0,29363 Min "

Figure 90: Displacement in z Direction Contour - Morphing from NACA
6510 to NACA 2510 Profile (Max 20.19 [mm], Open Cell-Silicone Design with 2.0
[mm] composite thickness)

I Silicone, Open Cell. NACA 2510

Maxirmurn Combined Stress

Type: Maximum Combined Stress - Top/Bottom - Layer 0
Unit: MPa

Tirne: 1

30.11.2016 22:08

\ [ETE 7T
LS YAS

Wk L W

355,5 Max
312
68,5

7,4086
-36,001 Min

Figure 91: Maximum Beam Combined Stress Contour - Morphing from
NACA 6510 to NACA 2510 Profile (Max 355.50 [MPa], Open Cell-Silicone Design

with 2.0 [mm] composite thickness)
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E Silicone, Open Cell, MACA 2510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottom - Layer 0
Unit: rm/rnm

Time: 1

30112016 22:08

0,28319 Max
025172
0,22026
0,18879
0,15733
0,12586
0,094396
0062931

z

0,031466 *
3,9513e-8 Min
X

Figure 92: Equivalent Elastic Strain (von-Mises) Contour - Morphing from
NACA 6510 to NACA 2510 Profile (Max 0.28 [mm/mm], Open Cell-Silicone

Design with 2.0 [mm] composite thickness)

G: Silicone, Open Cell, NACA 6510
Directional Deformation

Type: Directional Deformation(Z Axis)
Unit: ram

Global Coordinate System

Tirne: 1

30.1L2016 22:10

0,008341 Max
-0,070829
-,15

-0,22017
-0,30834
-0,36751

-0, 46668

054585
-0,62502 ¢
-0,70419 Min %

Figure 93: Displacement in z Direction Contour - Maintaining the NACA
6510 Profile (Max 0.01 [mm], Open Cell-Silicone Design with 1.5 [mm] composite

thickness)

G: Silicone, Open Cell, NACA 6510

Maxirurn Combined Stress

Type: Maximurm Combined Stress - Top/Bottam - Layer 0
Unit: MPa
Time: 1
30112016 22:10

48,255 Max
42,407
36,739
30,981
5,273
19,465
13,707
7,486
2,1904
-3,5677 Min =

Figure 94: Maximum Beam Combined Stress Contour - Maintaining the
NACA 6510 Profile (Max 48.26 [MPa], Open Cell-Silicone Design with 1.5 [mm]

composite thickness)
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G: Silicone, Open Cell, NACA 6510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottorm - Layer 0
Unit: mrmdmen

Time: 1

0.1L2016 2211

0,026852 Max

0,023869

0,020885

0017902

0014918

0,011934

0,0089508 7

0,0039672
s5tr2esm ¢ |
Figure 95: Equivalent Elastic Strain (von-Mises) Contour - Maintaining the

NACA 6510 Profile (Max 0.03 [mm/mm], Open Cell-Silicone Design with 1.5

[mm] composite thickness)

H: Silicone, Open Cell, NACA 3510
Directional Deformation

Type: Directional Deformation(Z Axis)
Unit: mrn

Global Coordinate System

Tirme: L

30.1L2016 2211

D I e

15,226 Max
13,454

11,861

5,8042

81371

£,3649 .

45927
2,8205

1,043 L
-0,72383 Min X

Figure 96: Displacement in z Direction Contour - Morphing from NACA
6510 to NACA 3510 Profile (Max 15.23 [mm], Open Cell-Silicone Design with 1.5
[mm] composite thickness)

H: Silicone, Open Cell, NACA 3510

Maxirnurm Cornbined Stress

Type: Maximum Combined Stress - Top/Bottorn - Layer 0
Unit: MPa
Tirne: 1
30112016 22:12

226,96 Max
196,61
170,27
141,92
113,58
85,231
56,585

24,54
019431
28,151 Min

Figure 97: Maximum Beam Combined Stress Contour - Morphing from
NACA 6510 to NACA 3510 Profile (Max 226.96 [MPa], Open Cell-Silicone Design

with 1.5 [mm] composite thickness)
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H: Silicone, Open Cell, MACA 3510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottom - Layer [
Unit: rnmymrn

Time: L

3012016 2212

0,24044 Max

0,21372

0,18701

0,16029

0,1335%

0,10686

0,080145 7
0,053431

0,026716 |
2,259e-8 Min y b

Figure 98: Equivalent Elastic Strain (von-Mises) Contour - Morphing from
NACA 6510 to NACA 3510 Profile (Max 0.24 [mm/mm], Open Cell-Silicone
Design with 1.5 [mm] composite thickness)

L Silicone, Open Cell, NACA 2310
Directional Deforrnation

Type: Directional Deformation(Z fxis)
Unit: rrrn

Global Coordinate System

Time: 1

30112016 22:13

20,243 Max
17,908
15,573
13,237
10,902
8,5669
£,2317
3,8065
L5613 b
-0,77387 Min #

Figure 99: Displacement in z Direction Contour - Morphing from NACA
6510 to NACA 2510 Profile (Max 20.24 [mm], Open Cell-Silicone Design with 1.5
[mm] composite thickness)

E Silicone, Open Cell, NACA 2510

Mairmurn Combined Stress

Type: Maximum Combined Stress - Top/Bottom - Layer 0
Unit: MPa

Tirne: 1

30.1L2016 22:13

268,84 Max
235,12

01,4

167,68
133,96
100,24
£6,521
32,801
-0,01818
-34,638 Min

Figure 100: Maximum Beam Combined Stress Contour - Morphing from
NACA 6510 to NACA 2510 Profile (Max 268.84 [MPa], Open Cell-Silicone Design
with 1.5 [mm] composite thickness)

114



I Silicone, Open Cell, NACA 2510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottom - Layer 0
Unit: rrm/rarm

Tirme: L

I0.LLI016 22:13

0,29781 Max
0,26472
0,23183
1,19854
0, 16545
0,13236
0,099260
0,066179
0,03309
2,4581e-8 Min

Figure 101: Equivalent Elastic Strain (von-Mises) Contour - Morphing from
NACA 6510 to NACA 2510 Profile (Max 0.30 [mm/mm], Open Cell-Silicone

Design with 1.5 [mm] composite thickness)

G: Silicone, Open Cell, MACA 6510
Directional Deformation

Type: Directional Deformation(Z Axis)
Unit: rarn

Global Coordinate Systerm

Tirmer 1

30112016 22:15

\ METE 7
ALY
W e W

Wb JL 'n,\.:'/'

0,0080527 Max
-0,075867

-0, 15983
-0,24377
-0,32771
-0,41165 -
-0,49559

-0,57953
-0,66347 ®
-0,74741 Min %

Figure 102: Displacement in z Direction Contour - Maintaining the NACA

6510 Profile (Max 0.01 [mm], Open Cell-Silicone Design with 1.0 [mm] composite
thickness)

G: Silicone, Open Cell, NACA 6510

Maxirurmn Combined Stress

Type: Maxirnurm Cornbined Stress - Top/Bottarn - Layer [
Unit: MPa
Time: L
A01L2016 22:15

18,876 Max
16,531
14,147

11,842
15,4979
7,1534
45088
2,4643
0,11883
-2,2247 Min

Figure 103: Maximum Beam Combined Stress Contour - Maintaining the
NACA 6510 Profile (Max 18.88 [MPa], Open Cell-Silicone Design with 1.0 [mm]

composite thickness)
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G: Silicone, Open Cell. NACA 6510

Equiralent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottom - Layer [
Unit: rmrmm

Tirme: 1

30112016 22:15

0,025983 Max
0,023006
0,020209
0017322
0,014435
0,011548
0,0086609
0,0057739
0,002887
1,3253e-9 Mi

Figure 104: Equivalent Elastic Strain (von-Mises) Contour - Maintaining the
NACA 6510 Profile (Max 0.03 [mm/mm], Open Cell-Silicone Design with 1.0

[mm] composite thickness)
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APPENDIX A3

Closed Cell — Neoprene Rubber Design Results

In this part, in-vacuo condition Closed Cell — Neoprene Rubber design results of the
analysis are presented.

A: Neoprene, Closed Cell. NACA 6510
Directional Defarmation

Type: Directional Deformation(Z Qxis)
Unit rrm

Global Coordinate System

Tirme: L

30.1L.2016 22:18

2

VS

-

@

e

011323 Max

0,077687

0,042142

0,0065962

-0,028949

-0,0164405 -
-0,10004

-0,13550
-0,17113 L4
-0,20668 Min "

Figure 105: Displacement in z Direction Contour - Maintaining the NACA
6510 Profile (Max 0.11 [mm], Closed Cell-Neoprene Rubber Design with 2.0 [mm]

composite thickness)
A: Neoprene, Closed Cell, NACA 6510 r (Wi
Maxlmum.Combmed SFress "-\‘ vb} j L v;\)_)
Type: Maximurn Combined Stress - Top/Bottom - Layer 0

Unit: MPa
Tirne: 1
30112016 22:18

51,728 Max

45,452

39,176

329

26,624

20,348

14,072 7
7,7954

15193 |
-4,7568 Min y hd

Figure 106: Maximum Beam Combined Stress Contour - Maintaining the
NACA 6510 Profile (Max 51.73 [MPa], Closed Cell-Neoprene Rubber Design with

2.0 [mm] composite thickness)
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A: Neoprene, Closed Cell, NACA 6510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottom - Layer 0
Unit: ramirarm

Tirme: 1

30112016 22:18

0,018138 Max
0,016123
0,014107
0,012002
0,010077
0,0080614
0,006046
0,0040307
0,0020153
7.8117e-9 Mie

Figure 107: Equivalent Elastic Strain (von-Mises) Contour - Maintaining the
NACA 6510 Profile (Max 0.03 [mm/mm], Closed Cell-Neoprene Rubber Design
with 2.0 [mm] composite thickness)

B: Neoprene, Closed Cell, NACA 3510
Directional Deformation

Type: Directional Deformation(Z Auxis)
Unit: mm

Global Coordinate Systern

Time: 1

A0.1L2016 22:19

\ S 7S
5 7
AN T Sy
et L b

15,195 Max

13,400

11,754

10,074

83734

§,668 -
40627

3,574
15521 b
-0,15324 Min IS

Figure 108: Displacement in z Direction Contour - Morphing from NACA
6510 to NACA 3510 Profile (Max 15.20 [mm], Closed Cell-Neoprene Rubber
Design with 2.0 [mm] composite thickness)

B: Neoprene, Closed Cell, NACA 3510

Maxirnurn Cornbined Stress

Type: Maxirmum Combined Stress - Top/Battorn - Layer 0
Unit: MPa

Tirme: 1

30.11.2016 22:20

05,888 Max
84,408
72,928
61,445
49,968
38,489
27,009
15,524
4,0491
-7,4307 Min

Figure 109: Maximum Beam Combined Stress Contour - Morphing from
NACA 6510 to NACA 3510 Profile (Max 95.89 [MPa], Closed Cell-Neoprene

Rubber Design with 2.0 [mm] composite thickness)

118



B: Neoprene, Closed Cell, NACA 3510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottom - Layer 0
Unit: mmfmm

Tirme: 1

30.1L.2016 22:20

0,259 Max
0,23022
0,20144
0,17267
0143889
0,11511
0,086333
0,057555
0028778
3,7057e-9 Min

Figure 110: Equivalent Elastic Strain (von-Mises) Contour - Morphing from
NACA 6510 to NACA 3510 Profile (Max 0.26 [mm/mm], Closed Cell-Neoprene

Rubber Design with 2.0 [mm] composite thickness)

C: Neoprene, Closed Cell, NACA 2510
Directional Deformation

Type: Directional Deformationi(Z Axis)
Unit: rm

Global Coordinate System

Tirne: 1
30112016 22:21

20,203 Max
17,942

15,68

13,418
11,156
80942
6,6323
4,3705
2,1086
-0,15325 Min

Figure 111: Displacement in z Direction Contour - Morphing from NACA
6510 to NACA 2510 Profile (Max 20.20 [mm], Closed Cell-Neoprene Rubber
Design with 2.0 [mm] composite thickness)

C: Neoprene, Closed Cell, NACA 2510

Maximum Combined Stress

Type: Maxirnurn Cornbined Stress - Top/Bottorm - Layer 0
Unit: MPa

Tirme: L

30.1L2016 22:21

Miler Vi
VAN AN

| N

111,01 Max
97,779
84,544
71,300
59,075

44,94

31605
18,371
5,1350
-8,0988 Min

Figure 112: Maximum Beam Combined Stress Contour - Morphing from
NACA 6510 to NACA 2510 Profile (Max 111.01 [MPa], Closed Cell-Neoprene

Rubber Design with 2.0 [mm] composite thickness)
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C: Neoprene, Closed Cell, NACA 2510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Battom - Layer 0
Unit: mmfmm

Tirne: 1

30112016 22:21

0,30442 Max
10,2706
0,23677
1,20205
0, 16812
0,1353
0,10147
0,06764
1,033625
7.1903e-9 Min

Figure 113: Equivalent Elastic Strain (von-Mises) Contour - Morphing from
NACA 6510 to NACA 2510 Profile (Max 0.30 [mm/mm], Closed Cell-Neoprene
Rubber Design with 2.0 [mm] composite thickness)

A: Neoprene, Closed Cell. NACA 6510 ,-'
Directional Defarmation

Type: Directional Deformation(Z uxis)
Unit: mm

\ [ el
SR YA
AY e ~ ] I )
| NP

Global Coordinate System
Tirme: 1
30112016 22:34

0,028933 Max
0,0031674
-0,02259%
-0,048364
-0,07413
-0,199896 7
-0, 12566

-0,15143
01771 b
-0,20296 Min X

Figure 114: Displacement in z Direction Contour - Maintaining the NACA
6510 Profile (Max 0.03 [mm], Closed Cell-Neoprene Rubber Design with 1.5 [mm]
composite thickness)

A: Neoprene, Closed Cell, NACA 6510

taxiraurn Combined Stress
Type: Maximum Combined 3tress - Top/Bottom - Layer 0

Unit: MPa

Tirme: 1

30112016 22:24

v LD

39,273 Max
34514
29,756
24,997
20,238
15,470
10,72 7

5,0614

12026

-3.5963 Min hd
X

Figure 115: Maximum Beam Combined Stress Contour - Maintaining the
NACA 6510 Profile (Max 39. 27[MPa], Closed Cell-Neoprene Rubber Design with
1.5 [mm] composite thickness)
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\ I 7
] #
N[N G
3 ' '\-\\ \

Wb L Y

#: Meoprene, Closed Cell, NACA 6510

Equiralent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottom - Layer 0
Unit: mmimm

Tirne: 1

30112016 22:24

A

0,017119 Max
0,015216
0013314
0011412
0,0095102
0,0076083
0,0057062 z
0,0038041

78104904 . |

Figure 116: Equivalent Elastic Strain (von-Mises) Contour - Maintaining the
NACA 6510 Profile (Max 0.02 [mm/mm], Closed Cell-Neoprene Rubber Design
with 1.5 [mm] composite thickness)

B: Meoprene, Closed Cell, NACA 3510
Directional Deformation

Type: Directional Deformation(Z Axis)
Unit: mirm

Global Coordinate System
Tirne: 1
30.1L2016 22:35

15,219 Max
13,511
11,803
10,005
83871
§,6791
4071

L . |
Figure 117: Displacement in z Direction Contour - Morphing from NACA
6510 to NACA 3510 Profile (Max 15.22 [mm], Closed Cell-Neoprene Rubber

Design with 1.5 [mm] composite thickness)

B: Neoprene, Closed Cell. NACA 3510

Mazxirmurn Combined Stress

Type: Maximum Combined Stress - Top/Bottom - Layer 0
Unit: MPa
Tirme: 1
30112016 22:25

79,107 Max
79,63

60,152
50,675
41,197

3172

2,282
12,765
3,2974
-6,19 Min

Figure 118: Maximum Beam Combined Stress Contour - Morphing from
NACA 6510 to NACA 3510 Profile (Max 79.11 [MPa], Closed Cell-Neoprene

Rubber Design with 1.5 [mm] composite thickness)
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B: Meoprene, Closed Cell, NACA 3510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Battorn - Layer 0
Unit: mrmdmim

Tirne: 1

301L2016 22:26

0,25953 Max
0,23069
1,20185
0,17302
014415
0,11534
0,086500
0,057672

Apovde-owa . |
Figure 119: Equivalent Elastic Strain (von-Mises) Contour - Morphing from
NACA 6510 to NACA 3510 Profile (Max 0.26 [mm/mm], Closed Cell-Neoprene

Rubber Design with 1.5 [mm] composite thickness)

C: Neoprene, Closed Cell. NACA 2510
Directional Deforrmation

Type: Directional DeformationiZ fuxis)
Unit: mm

Global Coordinate System

Time: L

30 1L2016 22:26

20,258 Max
17,99

15,722
13,454
11,166

8,9164 -
£,6505

43076
21147 3
-0,15319 Min *

Figure 120: Displacement in z Direction Contour - Morphing from NACA
6510 to NACA 2510 Profile (Max 20.26 [mm], Closed Cell-Neoprene Rubber

Design with 1.5 [mm] composite thickness)

C: Neoprene, Closed Cell, NACA 2510

Mazirurn Combined Stress

Type: Maxirnum Combined Stress - Top/Bottom - Layer 0
Unit: MPa
Time: 1
30.1L2016 22:27

\ [ ETE 7
ALY
W N W S

LR ) [} )
[ S L 8

93,095 Max
51,991
70,867
59,783
43,670
31,575
6,471
15,368
42637
-6,8402 Min

Figure 121: Maximum Beam Combined Stress Contour - Morphing from
NACA 6510 to NACA 2510 Profile (Max 93.10 [MPa], Closed Cell-Neoprene

Rubber Design with 1.5 [mm] composite thickness)
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AN AN

C: Neoprene, Closed Cell, MACA 2510

Equiralent Elastic Strain \
Type: Equivalent Elastic Strain - Top/Bottom - Layer 0 o
Unit: mm femm

Tirne: 1
3012016 22:37

0,30514 Max
02713

0,23733
0,20343
0,16052
0,13562

0,10171
0,067808
0,033904
7.2428e-9 Min

Figure 122: Equivalent Elastic Strain (von-Mises) Contour - Morphing from
NACA 6510 to NACA 2510 Profile (Max 0.31 [mm/mm], Closed Cell-Neoprene

Rubber Design with 1.5 [mm] composite thickness)

A: Meoprene, Closed Cell, NACA 6510 '
Directional Deformation Iy
Type: Directional Defarmation(Z Axis) o
Unit: mm

Global Coordinate Systern

Time: 1

30.11L.2016 22:29

0,074342 Max
0,039512
0,0046821
-0,030148

-0,064878
-0,099808
-0, 13464

s ‘|
Figure 123: Displacement in z Direction Contour - Maintaining the NACA
6510 Profile (Max 0.07 [mm], Closed Cell-Neoprene Rubber Design with 1.0 [mm]

= 7Firs
] ¥
(AW

AR )
) S S L S

composite thickness)

A: Neoprene, Closed Cell, NACA 6510 IR -: W7 f’:‘q

Maxirnurn Combined Stress WY )
b/ L b/

Type: Maximum Combined Stress - Top/Bottom - Layer

Unit: MPa

Tirne: L

30.11.2016 22:29

27,213 Max
23,973
20,633
17,343
14,053
10,763
7,473
4,183

089304 |
-2,3969 Min g
*

Figure 124: Maximum Beam Combined Stress Contour - Maintaining the
NACA 6510 Profile (Max 27.21 [MPa], Closed Cell-Neoprene Rubber Design with

1.0 [mm] composite thickness)
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A: Neoprene, Closed Cell, NACA 6510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottorn - Layer 0
Unit: rrm/ram

Time: L

30, 1L2016 22:30

AN ﬁ"-T\T\ A |
\ QRN

(AN L N

0,019441 Max

0,017261
0,01512

0,01296

0,0108

0,0086403
0,0064802 z

0,004320L
749070008 . |
s
Figure 125: Equivalent Elastic Strain (von-Mises) Contour - Maintaining the

NACA 6510 Profile (Max 0.02 [mm/mm], Closed Cell-Neoprene Rubber Design
with 1.0 [mm] composite thickness)

B: Neoprene, Closed Cell, NACA 3510 A
Directional Defarmation I

Type: Ditectional Deformation(Z &xis)
Unit: mm

ey Vie
SV
U v

Global Coardinate Systern
Tirne: 1
30.11.2016 22:31

15,196 Max
13,49

L1745
10,079
8,374
6,666 z
49632

el . |
Figure 126: Displacement in z Direction Contour - Morphing from NACA
6510 to NACA 3510 Profile (Max 15.20 [mm], Closed Cell-Neoprene Rubber

Design with 1.0 [mm] composite thickness)

B: Meoprene, Closed Cell, NACA 3510

Maxirmurn Combined Stress

Type: Maximurm Cambined Stress - Tap/Bottarm - Layer 0
Unit: MPa

Tirme: 1

30.1L2016 22:31

53,609 Max
47,101
40,502
34,084
7,576
21,067
14,550
8,0507
1,5424
-4,9659 Min

Figure 127: Maximum Beam Combined Stress Contour - Morphing from
NACA 6510 to NACA 3510 Profile (Max 53.61 [MPa], Closed Cell-Neoprene

Rubber Design with 1.0 [mm] composite thickness)
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B: Neoprene, Closed Cell, NACA 3510 ]
Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottam - Layer 0
Unit: rarn/rnm

Tirne: L

30112016 22:32

026042 Max
0,23149
0,20255
017362
0, 14466
0,11574
10,066808 7

0,057472
0,028936 |
3,714e-9 Min ¥ hd

Figure 128: Equivalent Elastic Strain (von-Mises) Contour - Morphing from
NACA 6510 to NACA 3510 Profile (Max 0.26 [mm/mm], Closed Cell-Neoprene
Rubber Design with 1.0 [mm] composite thickness)

C: Neoprene, Closed Cell, NACA 2510
Directional Deformation

Type: Directional Defarmation(Z Axis)
Unit: rm

Global Coordinate Spstern

Tirme: 1

30.11.2016 22:32

20,276 Max
18,006
15,736
13,466
11,196
8,265
£,6566
43067
2,188
-0,15313 Min

Figure 129: Displacement in z Direction Contour - Morphing from NACA
6510 to NACA 2510 Profile (Max 20.28 [mm], Closed Cell-Neoprene Rubber
Design with 1.0 [mm] composite thickness)

C: Neoprene, Closed Cell, MACA 2510

Maxirurm Cornbined Stress

Type: Maximum Combined Stress - Top/Bottorn - Layer
Unit: hPa

Tirne: 1

30.1L2016 22:33

65,234 Max
57,364
49,494
41,623
33,753
5,883
18,013
10,143
2,724
-5,5079 Min

Figure 130: Maximum Beam Combined Stress Contour - Morphing from
NACA 6510 to NACA 2510 Profile (Max 65.23 [MPa], Closed Cell-Neoprene

Rubber Design with 1.0 [mm] composite thickness)
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C: Neoprene, Closed Cell, NACA 2510

Equiralent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottom - Layer 0
Unit: rmram

Tirne: 1

30112016 22:33

0,30661 Max
0,27255
0,23848
0,20441
0,17034
013627
0,1022

0,068136
0,034068
6,7127e-9 Min

Figure 131: Equivalent Elastic Strain (von-Mises) Contour - Morphing from
NACA 6510 to NACA 2510 Profile (Max 0.31 [mm/mm], Closed Cell-Neoprene

Rubber Design with 1.0 [mm] composite thickness)
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APPENDIX A4

Closed Cell - Silicone Design Results

In this part, in-vacuo condition Closed Cell — Silicone design results of the analysis
are presented.

D: Silicone, Closed Cell, NACA 6510

WS YAN
Directional Deforrmation \\\ b__) j L 'L\-_«)
Type: Directional Deformation(Z Axis)

Unit: rrm

Global Coordinate System

Time: 1

30.1L2016 22:35

0,19083 Max
0,15417
0,11751
0,080842
0,04418
0,0073177
-0,029145
0,063808

-0, 10247

e — . |
-0,13913 Min "

Figure 132: Displacement in z Direction Contour - Maintaining the NACA
6510 Profile (Max 0.19 [mm], Closed Cell-Silicone Design with 2.0 [mm] composite

thickness)

D: Silicone, Closed Cell, NACA 6510

Mazxirmurn Combined Stress

Type: Maximum Combined Stress - Top/Bottom - Layer 0
Unit: MPa

Tirne: 1

30112016 22:36

37,296 Max
32,533
7,769
73,005
18,242
13,478
87143 7
3,0508

55767 Wi . |
Figure 133: Maximum Beam Combined Stress Contour - Maintaining the

NACA 6510 Profile (Max 37.30 [MPa], Closed Cell-Silicone Design with 2.0 [mm]
composite thickness)
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D Silicone, Closed Cell, NACA 6510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottorn - Layer 0
Unit: rrm/ram

Time: L

30 LL2016 22:36
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0,014564
0,012761
0,010938
0,0091149
0,0072819
00054689
0,003645
0,001823 -
0,6366e-9 Mijrf

Figure 134: Equivalent Elastic Strain (von-Mises) Contour - Maintaining the
NACA 6510 Profile (Max 0.02 [mm/mm], Closed Cell-Silicone Design with 2.0
[mm] composite thickness)

E: Silicone, Closed Cell, NACA 3510
Directional Deformation

Type: Directional DeformationZ &xis)
Unit: mm

Global Coordinate Systerm

Tirme: 1
30112016 22:37

15,163 Max
13,461
11,750
10,057
£,3555
§,6537
40510
3,501
15483
-0,15353 Min

Figure 135: Displacement in z Direction Contour - Morphing from NACA
6510 to NACA 3510 Profile (Max 15.16 [mm], Closed Cell-Silicone Design with 2.0
[mm] composite thickness)

E: Silicone, Closed Cell, NACA 3510 WA YAN
Maxirmurn Combined Stress 3! '.,\__)) A '.,‘.\_/)
Type: Maximum Combined Stress - Top/Bottom - Layer 0
Unit: MPa
Tirne: 1

30.11.2016 22:37

55,661 Max
46,049
36,438
26,826
17,214
7,6024
-2,0093
-1L621
11,233
-30,844 Min

Figure 136: Maximum Beam Combined Stress Contour - Morphing from
NACA 6510 to NACA 3510 Profile (Max 55.66 [MPa], Closed Cell-Silicone Design
with 2.0 [mm] composite thickness)
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E: Silicone, Closed Cell, NACA 3510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottorm - Layer 0
Units mrmsdmm

Time: 1

26112016 23:00

0.26132 Max
023229
0,20325
017421
014518
011614
0,087107
0,05807L
1,029036
2,9754e-8 Min

Figure 137: Equivalent Elastic Strain (von-Mises) Contour - Morphing from
NACA 6510 to NACA 3510 Profile (Max 0.26 [mm/mm], Closed Cell-Silicone with

2.0 [mm] composite thickness)

F: Silicone, Closed Cell, NACA 2510
Directional Deformation
Type: Directional Deformation(Z 2xis)

Unit: mm
Global Coaordinate Systern
Tirne: 1

30112016 22:38

eV Wie
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N Ry )
SN W)

20,284 Max
18,013
15,742
13,471

11,2

#9245
£,6547
43978

2,117
-0,15379 Min

Figure 138: Displacement in z Direction Contour - Morphing from NACA
6510 to NACA 2510 Profile (Max 20.28 [mm], Closed Cell-Silicone Design with 2.0

[mm] composite thickness)

F: Silicone, Closed Cell, NACA 2510

Maxirmum Combined Stress

Type: Maxirnum Cornbined Stress - Top/Bottorm - Layer 0
Unit: MPa

Time: 1

30112016 22:39

Mles Wi
\ 4 ¥ N
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NIANAN
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74,228
50,301
46,554
32,717

18,88

5,0427
-6,7944
22,631
-36,469 Min

Figure 139: Maximum Beam Combined Stress Contour - Morphing from
NACA 6510 to NACA 2510 Profile (Max 88.07 [MPa], Closed Cell-Silicone Design

with 2.0 [mm] composite thickness)
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F: Silicone, Closed Cell. NACA 2510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottom - Layer 0
Unit: mm/mim

Tirne: L

30112016 22:39

0,3088 Max
0,27449
0,24018
0,20507
0,17156
013725
0,10293
0,068623
0,034312
2,5286e-8 Min

Figure 140: Equivalent Elastic Strain (von-Mises) Contour - Morphing from
NACA 6510 to NACA 2510 Profile (Max 0.31 [mm/mm], Closed Cell-Silicone

Design with 2.0 [mm] composite thickness)

D: Silicone, Closed Cell, NACA 6510 n
Directional Deformation /
Type: Directional DeformationiZ Axis)
Unit:

Global Coordinate Spstern

Tirre: 1

I0.1L2016 22:41

ey Wie
N

"'.\ rl,\,_)jl ERN rl,\r_‘/I

0,13016 Max
0,10172
0,073246
0,044548
0016411
-0,012027 -
-0,040464

e . |
Figure 141: Displacement in z Direction Contour - Maintaining the NACA
6510 Profile (Max 0.13 [mm], Closed Cell-Silicone Design with 1.5 [mm] composite

thickness)

D: Silicone, Closed Cell, NACA 6510

Maxirmurn Combined Stress

Type: Maximum Combined Stress - Top/Bottam - Layer 0
Unit: MPa

Time: 1

30.1L2016 22:41

26,061 Max
2,682
19,302
15,023
12,544

9,165

57650
2,4067

-0,97241 I
-4,3516 Min ¥ e

Figure 142: Maximum Beam Combined Stress Contour - Maintaining the
NACA 6510 Profile (Max 26.06 [MPa], Closed Cell-Silicone Design with 1.5 [mm]
composite thickness)
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D: Silicone, Closed Cell, MACA 6510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottam - Layer
Unit: mmyfrrm

Tirne: 1

30.1L2016 22:41

0,01533 Max
0,013626
0,011923
0,01022
0,0083164
00068131
0,0051099
0,0034066

00017033 |
1,0231e-8 Mi g
X

Figure 143: Equivalent Elastic Strain (von-Mises) Contour - Maintaining the
NACA 6510 Profile (Max 0.02 [mm/mm], Closed Cell-Silicone Design with 1.5

[mm] composite thickness)

E: Silicone, Closed Cell, NACA 3510
Directional Deformation

Type: Directional Deformation(Z Axis)
Unit: rrrm

Global Coordinate Systermn

Tirne: 1

30112016 2242

15,260 Max
13,555
11,542
10,128
8,414

6,701 .
49874

sl . |
Figure 144: Displacement in z Direction Contour - Morphing from NACA

6510 to NACA 3510 Profile (Max 15.27 [mm], Closed Cell-Silicone Design with 1.5

[mm] composite thickness)

E: Silicone, Closed Cell, NACA 3510

Maxirnurn Combined Stress

Type: Maxirum Combined Stress - Top/Bottom - Layer 0
Unit: MPa

Titme: 1

30.1L2016 22:43

\ SN Firsl
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53,14 Max
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34,768
25,582
16,396
7,714
-1,4754
-11L161
-20,347
29,533 Min

Figure 145: Maximum Beam Combined Stress Contour - Morphing from
NACA 6510 to NACA 3510 Profile (Max 53.14 [MPa], Closed Cell-Silicone Design

with 1.5 [mm] composite thickness)
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E: Silicone, Closed Cell, NACA 3510 / W ETR /D
Equivalent Elastic Strain AN D | )]
Type: Equivalent Elastic Strain - Top/Battam - Layer 0

Unit: rrmfmrn

Tirne: 1

30.11.2016 22:43

0,26397 Max
0,23464
0,20531
017598
0,14665
011732
0,057991 7

0,05866
0,02933 |
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Figure 146: Equivalent Elastic Strain (von-Mises) Contour - Morphing from
NACA 6510 to NACA 3510 Profile (Max 0.26 [mm/mm], Closed Cell-Silicone with
1.5 [mm] composite thickness)

Type: Directional Deformation(Z Axis)
Unit: rrm

1 7
SR/
\ [N \\\ | I \I
e LA e

Global Coordinate Systern
Tirme: 1
30.11.2016 22:44

20,274 Max
18,004

15,734
13,465
11,195

8,252 .
£,6555

43857
2,116 ¢
-0,15373 Min kS

Figure 147: Displacement in z Direction Contour - Morphing from NACA
6510 to NACA 2510 Profile (Max 20.27 [mm], Closed Cell-Silicone Design with 1.5

[mm] composite thickness)

F: Silicone, Closed Cell, NACA 2510

Maxirmurm Combined Stress

Type: Maximurm Cambined Stress - Tap/Bottom - Layer
Unit: MPa

Tirne: 1

30.11.2016 22:44

62,57 Max
51,654
40,738
20821
18,905
70801
-2,0271
-13,842
24,759
-35,676 Min

Figure 148: Maximum Beam Combined Stress Contour - Morphing from
NACA 6510 to NACA 2510 Profile (Max 62.57 [MPa], Closed Cell-Silicone Design

with 1.5 [mm] composite thickness)
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F: Silicone, Closed Cell, NACA 2510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottom - Layer 0
Units mrmfmim

Tirme: L

I0LL2016 32:44

031102 Max
0,27646
024181

0,20735
0,17279
0,13823

0,10367
0,069116
0,034558
2,5286e-8 Min

Figure 149: Equivalent Elastic Strain (von-Mises) Contour - Morphing from
NACA 6510 to NACA 2510 Profile (Max 0.31 [mm/mm], Closed Cell-Silicone
Design with 1.5 [mm] composite thickness)

Type: Directional Deformation(Z Axs)
Unit: mim

= C il
QAL

e L b

Global Coordinate System
Tirme: L
30112016 22:46

00054524 Max
-0,01354
-0,031132
-0,049425
-0,067717
-0,08601
-0,1043

-0,12359
-0,14089 [
-0,15918 Min "

Figure 150: Displacement in z Direction Contour - Maintaining the NACA

6510 Profile (Max 0.01 [mm], Closed Cell-Silicone Design with 1.0 [mm] composite
thickness)

D: Silicone, Closed Cell, NACA 6510

Maxirmurn Combined Stress

Type: Maximum Combined Stress - Top/Bottom - Layer 0
Unit: MPa

Time: 1

3N 1L2016 22:47

15,941 Max
13,850
1,777
96051
16132
55313
3,4494
1,3675

-0,71439 |
-2,7963 Min ¥ i

Figure 151: Maximum Beam Combined Stress Contour - Maintaining the
NACA 6510 Profile (Max 15.94 [MPa], Closed Cell-Silicone Design with 1.0 [mm]

composite thickness)
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D Silicone, Closed Cell, NACA 6510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottom - Layer 0
Unit: rem/ram

Time: 1

30.1L2016 22:47

0,013868 Max
0012327
0,010786
0,0092455
0,0077046
0,0061637
0,004622%
0,0030819
0,0015409
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Figure 152: Equivalent Elastic Strain (von-Mises) Contour - Maintaining the
NACA 6510 Profile (Max 0.01 [mm/mm], Closed Cell-Silicone Design with 1.0

[mm] composite thickness)

E: Silicone, Closed Cell, NACA 3510

Directional Deformation /
Type: Directional Deformation(Z Axis) '
Unit: rrrm

Global Coordinate System

Tirme: L

30112016 22:43

\ 1 E 7l
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32713
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Figure 153: Displacement in z Direction Contour - Morphing from NACA
6510 to NACA 3510 Profile (Max 15.26 [mm], Closed Cell-Silicone Design with 1.0
[mm] composite thickness)

E: Silicone, Closed Cell. NACA 3510

raxirurn Cornbined Stress

Type: Maximurm Combined Stress - Top/Bottom - Layer 0
Unit: MPa

Tirme: 1

30112016 22:48

49,164 Max
40,545
31,026
23,307
14,667
£,0679
-2,5514
1,171
-19,79
-28,400 Min

Figure 154: Maximum Beam Combined Stress Contour - Morphing from
NACA 6510 to NACA 3510 Profile (Max 49.16 [MPa], Closed Cell-Silicone Design

with 1.0 [mm] composite thickness)
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E: Silicone, Closed Cell, NACA 3510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottorm - Layer 0
Unit: mm/mm

Tirne: L

3N LLZ016 22:48

lev e
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0,24017
0,21014
018012
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0,12008
0,090062
0,060041
0,030021
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Figure 155: Equivalent Elastic Strain (von-Mises) Contour - Morphing from
NACA 6510 to NACA 3510 Profile (Max 0.27 [mm/mm], Closed Cell-Silicone with

1.0 [mm] composite thickness)

F: Silicane, Closed Cell, NACA 2510
Directional Defarmation

Type: Directional Deformation(Z Axis)
Units mm

Global Coordinate System
Time: 1
04.02.2017 14:40

20,257 Max
17,389

15721
13,454
11,186
80179

Figure 156: Displacement in z Direction Contour - Morphing from NACA
6510 to NACA 2510 Profile (Max 20.26 [mm], Closed Cell-Silicone Design with 1.0

[mm] composite thickness)

F: Silicone, Closed Cell, NACA 2510

Maximum Combined Stress

Type: Maximum Combined Stress - Top/Bottem - Layer 0
Unit; MPa
Time: 1
04022017 15:06

57,116 Max
46,914
36,711
26,508
16,305
6,1026
-4,1001
-14,303
-24,506
-34,708 Min

Figure 157: Maximum Beam Combined Stress Contour - Morphing from
NACA 6510 to NACA 2510 Profile (Max 57.12 [MPa], Closed Cell-Silicone Design

with 1.0 [mm] composite thickness)
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F: Silicone, Closed Cell, NACA 2510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottom - Layer )
Unit; mm/mm

Time: 1

04022017 15:07

0,31948 Max
10,2638
10,2484

0,21299
0,174
10,1419
10,1064

0,070096
0,035406 L
1.3143e-8 Min ¢

X

Figure 158: Equivalent Elastic Strain (von-Mises) Contour - Morphing from
NACA 6510 to NACA 2510 Profile (Max 0.32 [mm/mm], Closed Cell-Silicone

Design with 1.0 [mm] composite thickness)

136



APPENDIX B1

Closed Cell — Neoprene Rubber with 2.0 [mm] Composite Thickness Design
Results

In this part, Closed Cell — Neoprene Rubber design analysis results under

aerodynamic loads are presented for 2.0 [mm] composite thickness.

B: Neoprene, Closed Cell, MACA 6510
Directional Deformation Iy

Type: Directional Defarmation( Axis)
Unit: rrn

Global Coordinate Systern

Tirne: 1

1.12.2016 09:51
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Figure 159: Displacement in z Direction Contour - Maintaining the NACA
6510 Profile under 1g Aerodynamic Loading (Max 0.01 [mm], Closed Cell-
Neoprene Rubber Design with 2.0 [mm] composite thickness)

B: Neoprene, Closed Cell, MACA 6510
Maxirmurn Cormbined Stress .

Type: Mazimum Combined Stress - Top/Bottom - Layer 0
Unit: MPa

Tirne: 1
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6,6300 z

3,343
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Figure 160: Maximum Beam Combined Stress Contour - Maintaining the
NACA 6510 Profile under 1g Aerodynamic Loading (Max 26.34 [MPa], Closed
Cell- Neoprene Rubber Design with 2.0 [mm] composite thickness)
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B: Meoprene, Closed Cell, NACA 6510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottom - Layer 0
Unit: rrmdmm

Time: 1

1122016 09:51

0,013009 Max

0,011563
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Figure 161: Equivalent Elastic Strain (von-Mises) Contour - Maintaining the
NACA 6510 Profile under 1g Aerodynamic Loading (Max 0.01 [mm/mm], Closed

Cell- Neoprene Rubber Design with 2.0 [mm] composite thickness)

D: Neoprene, Closed Cell, NACA 6510 /
Directional Defarmation AN

Type: Directional Defarrmation (2 Axis)
Unit: rrirn

Global Coordinate Systern

Time: 1
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Figure 162: Displacement in z Direction Contour - Maintaining the NACA
6510 Profile under 2g Aerodynamic Loading (Max 0.12 [mm], Closed Cell-

Neoprene Rubber Design with 2.0 [mm] composite thickness)

D: Neoprene, Closed Cell, NACA 6510 LS
Maxirmurn Cornbined Stress f
Type: Maximurn Combined Stress - Top/Bottorm - Layer 0
Unit: MPa

Tirne: 1
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Figure 163: Maximum Beam Combined Stress Contour - Maintaining the
NACA 6510 Profile under 2g Aerodynamic Loading (Max 4.54 [MPa], Closed Cell-

Neoprene Rubber Design with 2.0 [mm] composite thickness)
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D: Neoprene, Closed Cell, MACA 6510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottom - Layer 0
Unit: rarm/frarm

Tirne: 1

1122016 09:58
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Figure 164: Equivalent Elastic Strain (von-Mises) Contour - Maintaining the
NACA 6510 Profile under 2g Aerodynamic Loading (Max 0.01 [mm/mm], Closed
Cell- Neoprene Rubber Design with 2.0 [mm] composite thickness)

F: Neoprene, Closed Cell, MACA 6510
Directional Deforrnation

Type: Directional Defarmation (2 Awis)
Unit: mmrn

Global Coordinate Systern

Tirne: 1
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Figure 165: Displacement in z Direction Contour - Maintaining the NACA
6510 Profile under 3g Aerodynamic Loading (Max 0.25 [mm], Closed Cell-
Neoprene Rubber Design with 2.0 [mm] composite thickness)

F: Neoprene, Closed Cell, NACA 6510 e
Maxirnurn Cornbined Stress /
Type: Maxirmurn Cornbined Stress - Top/Bottom - Layer 0

Unit: MPa
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Figure 166: Maximum Beam Combined Stress Contour - Maintaining the
NACA 6510 Profile under 3g Aerodynamic Loading (Max 23.47 [MPa], Closed
Cell- Neoprene Rubber Design with 2.0 [mm] composite thickness)
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F: Neoprene, Closed Cell, NACA 6510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottom - Layer 0
Unit: mrm/ram

Tirme: 1

1.12.2016 0258
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Figure 167: Equivalent Elastic Strain (von-Mises) Contour - Maintaining the

NACA 6510 Profile under 3g Aerodynamic Loading (Max 0.02 [mm/mm], Closed
Cell- Neoprene Rubber Design with 2.0 [mm] composite thickness)

H: Neoprene, Closed Cell, NACA 6510
Directional Defarmation

Type: Directional DefarmationZ Axis)
Unit: rrirm

Global Coordinate Systern
Time: 1
1.12.2016 09:58
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N

D))

N B
SR
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0,40868 Max
036317
031745
027173
0,22601
0,1803
013458
0,088861

- o & |
. it
-0,0025737 Min

0,047124

Figure 168: Displacement in z Direction Contour - Maintaining the NACA
6510 Profile under 4g Aerodynamic Loading (Max 0.41 [mm], Closed Cell-
Neoprene Rubber Design with 2.0 [mm] composite thickness)

H: Neoprene, Closed Cell, NACA 6510

Maxirnurn Cormbined Stress

Type: Maximum Combined Stress - Top/Bottom - Layer 0
Unit: MPa

Time: 1

1.12,2018 0%59

51,198 Max

45,265

39,331

33,397

27,463

71,529

15,506 z

96618
37479 .
-2,20559 Min «

Figure 169: Maximum Beam Combined Stress Contour - Maintaining the
NACA 6510 Profile under 4g Aerodynamic Loading (Max 51.20 [MPa], Closed
Cell- Neoprene Rubber Design with 2.0 [mm] composite thickness)
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H: Neoprene, Closed Cell, NACA 6510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottom - Layer 0
Unit: mrmfmrn
Tirne: 1
1122016 09:59

,024138 Max
0,021456
0.016774
0,016002
001341
0010728
0,0080461
0,0053641
0.002682
2,065e-8 Min

Figure 170: Equivalent Elastic Strain (von-Mises) Contour - Maintaining the
NACA 6510 Profile under 4g Aerodynamic Loading (Max 0.02 [mm/mm], Closed
Cell-Neoprene Rubber Design with 2.0 [mm] composite thickness)

J: Neoprene, Closed Cell, NACA 3510
Directional Deformation

Type: Directional Defarmation(Z Axisy
Unit: rrrn

Global Coordinate Systern

Tirne: 2
1122016 10:00

15,177 Max
13,474
1,771
10,067
53638
£,6604
49571
3,537
1,5503
-0,15311 Min

Figure 171: Displacement in z Direction Contour - Morphing from NACA
6510 to NACA 3510 Profile under 1g Aerodynamic Loading (Max 15.18 [mm],
Closed Cell-Neoprene Rubber Design with 2.0 [mm] composite thickness)

J: Meoprene, Closed Cell, NACA 3510

Maxirnurn Cornbined Stress

Type: Maximurm Combined Stress - Top/Bottom - Layer 0
Unit: MPa
Tirne: 2
1.12.2016 10:00

AN 'ﬁ"'\'r\ ol 7|
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¢

69,274 Max
60,094
52,713
44433
36,153
27,872
19,552
11,312
3,0012
-5,2462 Min

Figure 172: Maximum Beam Combined Stress Contour - Morphing from
NACA 6510 to NACA 3510 Profile under 1g Aerodynamic Loading (Max 69.27
[MPa], Closed Cell-Neoprene Rubber Design with 2.0 [mm] composite thickness)
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J: Neoprene, Closed Cell, NACA 3510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottorn - Layer 0
Unit: mrn/emrm
Tirne: 2
11220161001

0,25837 Max
0,22067
0,20096
017225
0,14354
011483
0,086124
0,057216
0,026708
7,946e-9 Min

Figure 173: Equivalent Elastic Strain (von-Mises) Contour - Morphing from
NACA 6510 to NACA 3510 Profile under 1g Aerodynamic Loading (Max 0.26
[mm/mm], Closed Cell-Neoprene Rubber Design with 2.0 [mm] composite

thickness)

L: Neoprene, Closed Cell, MACA 3510
Directional Defarmation

Type: Directional Defarmation (2 Awis)
Unit: rarn

~
7 A

v
LS

Global Coordinate System
Tirne: 2
112.201610:01

15,167 Max
13,465
11,763
10,061
5,358
£,6561
40538
3,216
1,5403
-0,15298 Min

Figure 174: Displacement in z Direction Contour - Morphing from NACA
6510 to NACA 3510 Profile under 2g Aerodynamic Loading (Max 15.17 [mm],
Closed Cell-Neoprene Rubber Design with 2.0 [mm] composite thickness)

L: Neoprene, Closed Cell, NACA 3510

Maxirmurm Cormbined Stress

Type: Maxirum Combined Stress - Top/Bottom - Layer 0
Unit: MPa
Tirne: 2
1.1220M1610:02

I 7=l
VAN

o

VL) W
bt L CE:)/'

99,758 Max
83,336
76,915
65,404
54,073
42,651

1,23

19,300
B,3878
-3,0334 Min

Figure 175: Maximum Beam Combined Stress Contour - Morphing from
NACA 6510 to NACA 3510 Profile under 2g Aerodynamic Loading (Max 99.76
[MPa], Closed Cell-Neoprene Rubber Design with 2.0 [mm] composite thickness)
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L: Neoprene, Closed Cell, NACA 3510 /
Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottom - Layer 0
Unit: mmj{mrm
Tirne: 2

1122016 10:02

bk L 'u\:)/‘

0,2578 Max
0,22015
0,20051
0,17186
0,14322
0,11458
0,085932
0,057288
0,028644
9,1732e-9 Min

Figure 176: Equivalent Elastic Strain (von-Mises) Contour - Morphing from
NACA 6510 to NACA 3510 Profile under 2g Aerodynamic Loading (Max 0.26
[mm/mm], Closed Cell-Neoprene Rubber Design with 2.0 [mm] composite
thickness)
Dinctonal Determaion ?

Type: Directional Deformation(Z &xis)
Unit: mm

ey Vie
LNV,

Global Coordinate System
Tirne: 2
1.12.201810:02

15,227 Max
13,518
11,809

10,1

53914
66025
49737
3,2648

1,556
-0,15285 Min

Figure 177: Displacement in z Direction Contour - Morphing from NACA
6510 to NACA 3510 Profile under 3g Aerodynamic Loading (Max 15.23 [mm],
Closed Cell-Neoprene Rubber Design with 2.0 [mm] composite thickness)

N: Neoprene, Closed Cell, MACA 3510

Maxirmurn Cornbined Stress

Type: Maximurn Combined Stress - Top/Bottorn - Layer 0
Unit: MPa
Tirne: 2
112.201810:03

1T Fir =l
R/

130,06 Max
115,45
100,84
86,226
71,613
57,001
22,388
27,776
13,163
1,449 Min

Figure 178: Maximum Beam Combined Stress Contour - Morphing from
NACA 6510 to NACA 3510 Profile under 3g Aerodynamic Loading (Max 130.06
[MPa], Closed Cell-Neoprene Rubber Design with 2.0 [mm] composite thickness)
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N: Neoprene, Closed Cell, NACA 3510 (SR VAN
Equivalent Elastic Strain | )
Type: Equivalent Elastic Strain - Top/Bottorm - Layer 0
Unit: rmrnsrrm
Titme: 2

112.20610:03

0,25792 Max
022027
0,20061
01719
014320
011463
0,085975
0057316
0,028658
1,4095e-8 Min

Figure 179: Equivalent Elastic Strain (von-Mises) Contour - Morphing from
NACA 6510 to NACA 3510 Profile under 3g Aerodynamic Loading (Max 0.26
[mm/mm], Closed Cell-Neoprene Rubber Design with 2.0 [mm] composite

thickness)

P: Neoprene, Closed Cell, NACA 3510 n
Directional Deformation Iy

Type: Directional Deformation(Z Axis)
Unit: rrrn

SIS 7Sl
QN

\\ ] [ )
b A b

Global Coordinate Systern
Tirne: 2
1122016 10:04

15,161 Max
1346
11,758
10,057
83551
£,6575
20519
3,2504
1,548
-0,15277 Min

Figure 180: Displacement in z Direction Contour - Morphing from NACA
6510 to NACA 3510 Profile under 4g Aerodynamic Loading (Max 15.16 [mm],
Closed Cell-Neoprene Rubber Design with 2.0 [mm] composite thickness)

I 7
RILSNYAS,

b L WY

P: Neoprene, Closed Cell, NACA 3510

Maxirnurn Corbined Stress

Type: Maxirnurn Cornbined Stress - Top/Bottarn - Layer 0
Unit: MPa
Tirne: 2
1122016 10:04

166,81 Max
165,39
143,97
122,56
101,14
70,722
56,305
36,358
15,471
-5,0463 Min

Figure 181: Maximum Beam Combined Stress Contour - Morphing from
NACA 6510 to NACA 3510 Profile under 4g Aerodynamic Loading (Max 186.81
[MPa], Closed Cell-Neoprene Rubber Design with 2.0 [mm] composite thickness)

144



1 ﬁ"'\'l'\ i
[ E
Dl AL WY

P: Neoprene, Closed Cell, NACA 3510 n
Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottom - Layer 0
Unit: mm/mm

Time: 2
1122016 10:04

0,25635 Max
0,22767
019938
01709
014242
011393
0,08545
0,056967
0,0289%3
8,1625¢-8 Min

Figure 182: Equivalent Elastic Strain (von-Mises) Contour - Morphing from
NACA 6510 to NACA 3510 Profile under 4g Aerodynamic Loading (Max 0.26
[mm/mm], Closed Cell-Neoprene Rubber Design with 2.0 [mm] composite
thickness)

R: Neoprene, Closed Cell, NACA 2510
Directional Deformation

Type: Directional Deformation(Z &uxis)
Unit: rarn

Glohal Coordinate Systern
Tirme: 2
1.12.201610:14

20,207 Max
17,045
15,652

13,42

11,158
5,058 z

6,6936

43713 |
2,109 “ i
-0,15308 Min

Figure 183: Displacement in z Direction Contour - Morphing from NACA
6510 to NACA 2510 Profile under 1g Aerodynamic Loading (Max 20.21 [mm],

Closed Cell-Neoprene Rubber Design with 2.0 [mm] composite thickness)

R: Neoprene, Closed Cell, NACA 2510

Maxirnurn Cornbined Stress

Type: Maxirmurn Combined Stress - Top/Bottom - Layer 0
Unit: MPa
Tirne: 2
1122061015

sy Vie
KYS
ik L b

93,488 Max
82,524

7156

60,597
40,633
38,660
25705
16,742
57778
-3,186 Min

Figure 184: Maximum Beam Combined Stress Contour - Morphing from
NACA 6510 to NACA 2510 Profile under 1g Aerodynamic Loading (Max 93.49
[MPa], Closed Cell-Neoprene Rubber Design with 2.0 [mm] composite thickness)
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R: Neoprene, Closed Cell, NACA 2510

Equiralent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottarn - Layer 0
Unit: rrmdmen
Tirne: 2
1122016 10:15

0,30358 Max
0,26055
0,23612
0,20239
016866
0,13402
010119
0,067462
0,033731
5,7214e-9 Min

Figure 185: Equivalent Elastic Strain (von-Mises) Contour - Morphing from
NACA 6510 to NACA 2510 Profile under 1g Aerodynamic Loading (Max 0.30
[mm/mm], Closed Cell-Neoprene Rubber Design with 2.0 [mm] composite

thickness)

T: Neoprene, Closed Cell, MACA 2510 ’
Directional Deformation

Type: Directional Deformation(Z Axis)
Unit: mm

'n’r"-f\’r\ ol 7|
LN VAN

Global Coordinate System
Time: 2
1.12.:0M610:16

20,213 Max
17,051
15,658
13,425
11,162
58088
6,6350
43720

21
-0,15292 Min

Figure 186: Displacement in z Direction Contour - Morphing from NACA
6510 to NACA 2510 Profile under 2g Aerodynamic Loading (Max 20.21 [mm],

Closed Cell-Neoprene Rubber Design with 2.0 [mm] composite thickness)

T: Neoprene, Closed Cell, NACA 2510

Maximurn Combined Stress

Type: Maximum Combined Stress - Top/Bottom - Layer 0
Unit: MPa
Tirne: 2
1.12.2M610:76

134,45 Max
119,27
104,00
88,914
73,734
58,555
43,376
28197
13,017
-2,1619 Min

Figure 187: Maximum Beam Combined Stress Contour - Morphing from
NACA 6510 to NACA 2510 Profile under 2g Aerodynamic Loading (Max 134.45
[MPa], Closed Cell-Neoprene Rubber Design with 2.0 [mm] composite thickness)
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T: Neoprene, Closed Cell, NACA 2510 ? / ST
Equivalent Elastic Strain I, L\:);- Jb b\‘_j;-
Type: Equivalent Elastic Strain - Top/Bottarn - Layer 0

Unit: rrndrarn
Tirne: 2
112201610017

0,3028 Max
0,26916
0,23551
0,20187
016822
013458
0,10093
0,067280
0,033645
1,7671e-6 Min

Figure 188: Equivalent Elastic Strain (von-Mises) Contour - Morphing from
NACA 6510 to NACA 2510 Profile under 2g Aerodynamic Loading (Max 0.30
[mm/mm], Closed Cell-Neoprene Rubber Design with 2.0 [mm] composite

thickness)

\: Neoprene, Closed Cell, NACA 2510 ’
Directional Defarmation

Type: Directional Deformation(Z &xis)
Unit: mm

'ﬁ"'\'r\ Wi
N YA,

Global Coordinate Systern
Time: 2
1122016 10:17

20,208 Max
17,06
15,653
13,421
11,159
58064
6,6341
43718
2,1095
-0,15276 Min

Figure 189: Displacement in z Direction Contour - Morphing from NACA
6510 to NACA 2510 Profile under 3g Aerodynamic Loading (Max 20.21 [mm],

Closed Cell-Neoprene Rubber Design with 2.0 [mm] composite thickness)

\: Neoprene, Closed Cell, NACA 2510

Maxirmum Combined Stress

Type: Maximum Combined Stress - Top/Bottom - Layer 0
Unit: MPa
Tirne: 2
1.12.201610:18

162,27 Max
143,82
125,37
106,91

88,46

70,007
51,553

33,1

14,646
-3,8074 Min

Figure 190: Maximum Beam Combined Stress Contour - Morphing from
NACA 6510 to NACA 2510 Profile under 3g Aerodynamic Loading (Max 162.27
[MPa], Closed Cell-Neoprene Rubber Design with 2.0 [mm] composite thickness)

147



¥: Neoprene, Closed Cell, NACA 2510

Equiralent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottarn - Layer 0
Unit: rrmdmen
Tirne: 2
11220610018

0,31061 Max
0,27636
0,24162
0,20727
017273
013818
0,10364
0,06800
0,034545
8,2612e-8 Min

Figure 191: Equivalent Elastic Strain (von-Mises) Contour - Morphing from
NACA 6510 to NACA 2510 Profile under 3g Aerodynamic Loading (Max 0.31
[mm/mm], Closed Cell-Neoprene Rubber Design with 2.0 [mm] composite

thickness)

X: Neoprene, Closed Cell, MACA 2510 i
Directional Deformation 7

Type: Directional Deformation(Z Axis)
Unit: mm

Global Coordinate System

Time: 2
1.12.20M610:20

AN 1’r'-'\'\T\ ol 7|
NS

20,243 Max
17,076

15,71

13,494
11,178
89119
6,6458
43707
2,113
-0,1526 Min

Figure 192: Displacement in z Direction Contour - Morphing from NACA
6510 to NACA 2510 Profile under 4g Aerodynamic Loading (Max 20.24 [mm],

Closed Cell-Neoprene Rubber Design with 2.0 [mm] composite thickness)

X: Neoprene, Closed Cell, NACA 2510
Maximurn Combined Stress Iy
Type: Maximum Combined Stress - Top/Bottom - Layer 0 o
Unit: MPa

Tirne: 2
1.12.201610:20

Y 1 P
LN VAN

200,78 Max
1776

154,41
131,23
108,05
1,364
61,661
38407
15,314
-7,87 Min

Figure 193: Maximum Beam Combined Stress Contour - Morphing from
NACA 6510 to NACA 2510 Profile under 4g Aerodynamic Loading (Max 200.78
[MPa], Closed Cell-Neoprene Rubber Design with 2.0 [mm] composite thickness)
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X: Neoprene, Closed Cell, NACA 2510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottarn - Layer 0
Unit: rrndrarn

Tirne: 2

112206 10:20

0,31212 Max
0,27744
0,24276
0,20808
01734
0,13872
0,10404
0,069361
0,034651
9,1775-8 Min

Figure 194: Equivalent Elastic Strain (von-Mises) Contour - Morphing from
NACA 6510 to NACA 2510 Profile under 4g Aerodynamic Loading (Max 0.31
[mm/mm], Closed Cell-Neoprene Rubber Design with 2.0 [mm] composite

thickness)
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APPENDIX B2

Closed Cell — Neoprene Rubber with 1.5 [mm] Composite Thickness Design
Results

In this part, Closed Cell — Neoprene Rubber design analysis results under
aerodynamic loads are presented for 1.5 [mm] composite thickness.

B: Neoprene, Closed Cell, NACA 6510 ?
Directional Deformation

Type: Directional Deformation (2 Axis)
Unit: mm

ey Wie
A 7

W
" AL b

Global Coordinate Systern
Time: 1
1.12.20M610:23

0,0054283 Max
-0,015259
00357
-0,056635
-0,077323
-0,008011 z

aner

013030 |
016007 ¢
-0,18076 Min %

Figure 195: Displacement in z Direction Contour - Maintaining the NACA
6510 Profile under 1g Aerodynamic Loading (Max 0.01 [mm], Closed Cell-

Neoprene Rubber Design with 1.5 [mm] composite thickness)

B: Meoprene, Closed Cell, MACA 6510 /
Maxirmurn Cornbined Stress 17,
Type: Maximurn Combined Stress - Top/Bottorm - Layer 0 '
Unit: MPa

Tirne: 1

112.201810:24

1T Fir =l
R

AN L

13,489 Max

11,767

10,045

83298

6,6021

4,8805

3,1580 z

1,4973
-0,26431 .
-2,0059 Min ¥

Figure 196: Maximum Beam Combined Stress Contour - Maintaining the
NACA 6510 Profile under 1g Aerodynamic Loading (Max 13.49 [MPa], Closed

Cell- Neoprene Rubber Design with 1.5 [mm] composite thickness)
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B: Meoprene, Closed Cell, MACA 6510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottom - Layer 0
Unit: mrnfinrm

Tirne: 1

1122018 10:24

T 7r4
NN AN
Wy L

0,012884 Max
0,011452
0,010021
0,0085503
0,0071578
0,0057262
0,0042547 z

0,0023631
00014316 ®
1,4282e-10 Mi ¥

Figure 197: Equivalent Elastic Strain (von-Mises) Contour - Maintaining the
NACA 6510 Profile under 1g Aerodynamic Loading (Max 0.01 [mm/mm], Closed

Cell- Neoprene Rubber Design with 1.5 [mm] composite thickness)

D: Neoprene, Closed Cell, NACA 6510 / NN YAN
Directional Deformation _:"‘.. A ) )

o Wb L b
Type: Directional Deformation(Z &xis)
Unit: rrrn
Global Coordinate System
Tirne: 1
12,2018 10:25

0,16 Max
01418
01236
0,10539
0,087194
0068593 z

0,050792

0032592 |
0014301 « ¢
-0,0038098 Min

Figure 198: Displacement in z Direction Contour - Maintaining the NACA
6510 Profile under 2g Aerodynamic Loading (Max 0.16 [mm], Closed Cell-

Neoprene Rubber Design with 1.5 [mm] composite thickness)

D: Neoprene, Closed Cell, NACA 6510 n
Maxirnurn Carmbined Stress ]

Type: Maximurn Combined Stress - Top/Bottom - Layer 0
Unit: MPa

Tirne: 1

1122016 10625

Y SIS TSl
LN YA

WY n ~ )] [ ]
bl A b

14,415 Max
12,759

11,104

451

77925

£137

24814 z

2,659
1,1703 ®
-0,48521 Min ¥

Figure 199: Maximum Beam Combined Stress Contour - Maintaining the
NACA 6510 Profile under 2g Aerodynamic Loading (Max 14.42 [MPa], Closed

Cell- Neoprene Rubber Design with 1.5 [mm] composite thickness)
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D: Meoprene, Closed Cell, MACA 6510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottam - Layer 0
Unit: mrnfinrm

Tirne: 1

112,208 10:26

0,013294 Max
0011817
0,010339
0,0088624
0,0073854
0,0059083
0,0044312
0,0025541
0,0014771
6,2231e-9 Mi

Figure 200: Equivalent Elastic Strain (von-Mises) Contour - Maintaining the
NACA 6510 Profile under 2g Aerodynamic Loading (Max 0.01 [mm/mm], Closed

Cell- Neoprene Rubber Design with 1.5 [mm] composite thickness)

F: Neoprene, Closed Cell. NACA 6510
Directional Deforrnation _:"‘.. \

Type: Directional Deformation(Z &xis)
Unit: rrrn

Global Coordinate System
Tirne: 1
1122018 10:27

1T Fir =l
R/

| N L

0.29784 Max
0,26446
0,23108
01977
016432
0,130
0,007558
0064178

== - &
] b '_I
-0,0025807 Min

0,030792

Figure 201: Displacement in z Direction Contour - Maintaining the NACA
6510 Profile under 3g Aerodynamic Loading (Max 0.30 [mm], Closed Cell-

Neoprene Rubber Design with 1.5 [mm] composite thickness)

F: Neoprene, Closed Cell, NACA 6510 n
Maxirnurn Carmbined Stress ‘,-"'. X

Type: Maximurn Combined Stress - Top/Bottom - Layer 0
Unit: MPa

Tirne: 1

1122018 10:27

| NS 'u\:)/‘

33,742 Max
29,858
25,975
22,001
18,207
14,324
1044 z

£,5566
2,673 .
-1,2106 Min ¥

Figure 202: Maximum Beam Combined Stress Contour - Maintaining the
NACA 6510 Profile under 3g Aerodynamic Loading (Max 33.74 [MPa], Closed
Cell- Neoprene Rubber Design with 1.5 [mm] composite thickness)
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F: Neoprene, Closed Cell, NACA 6510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottom - Layer 0
Unit: mrnfinrm

Tirne: 1

112.201810:27

T 7r4
NN AN
Wy L

0,017684 Max
0015719

0,013754

0011780

0,0008243
0,00785%
0,0056046
0,0089207
0,0019649 -
1,3311e-8 MinT

Figure 203: Equivalent Elastic Strain (von-Mises) Contour - Maintaining the
NACA 6510 Profile under 3g Aerodynamic Loading (Max 0.01 [mm/mm], Closed
Cell- Neoprene Rubber Design with 1.5 [mm] composite thickness)

H: Neoprene, Closed Cell, NACA 6510
Directional Deforrnation

Type: Directional Deformation(Z &xis)
Unit: rrrn

Global Coordinate System
Tirne: 1
1122018 10:28
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015816 i
= L
. s
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Figure 204: Displacement in z Direction Contour - Maintaining the NACA
6510 Profile under 4g Aerodynamic Loading (Max 0.48 [mm], Closed Cell-
Neoprene Rubber Design with 1.5 [mm] composite thickness)

H: Neoprene, Closed Cell, NACA 6510 n
Maxirnurn Carmbined Stress ]

Type: Maximurn Combined Stress - Top/Bottom - Layer 0
Unit: MPa

Tirne: 1

1122016 10:28

Y SIS TSl
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WY n ~ )] [ ]
bl A b
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25,67
18,157 z

10847
35376 ®
-3,772 Min ¥

Figure 205: Maximum Beam Combined Stress Contour - Maintaining the
NACA 6510 Profile under 4g Aerodynamic Loading (Max 62.02 [MPa], Closed
Cell- Neoprene Rubber Design with 1.5 [mm] composite thickness)
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H: Neoprene, Closed Cell, MACA 6510
Equivalent Elastic Strain )

Type: Equivalent Elastic Strain - Top/Bottam - Layer 0
Unit: mrnfinrm
Tirne: 1

1122016 10:29

r\l I3 )
|- )H\,\q‘

0,02449 Max
0021769
0,019048
0016327
0,013606
0,010885
0,0081634
0,0054423
00027212
2,0852e-8 Min®

Figure 206: Equivalent Elastic Strain (von-Mises) Contour - Maintaining the
NACA 6510 Profile under 4g Aerodynamic Loading (Max 0.03 [mm/mm], Closed
Cell- Neoprene Rubber Design with 1.5 [mm] composite thickness)

J: Neoprene, Closed Cell, NACA 3510
Directional Deforrnation

Type: Directional Deformation(Z &xis)
Unit: rrrn

Global Coordinate System

Tirne: 2

12,2018 10:30

15,174 Max
13471
11,768
10,065
83621
£,6501 z

24,9561
3,253 |
1,55 d
] X
-0,15304 Min

Figure 207: Displacement in z Direction Contour - Morphing from NACA
6510 to NACA 3510 Profile under 1g Aerodynamic Loading (Max 15.17 [mm],

Closed Cell-Neoprene Rubber Design with 1.5 [mm] composite thickness)

J: Neoprene, Closed Cell, NACA 3510 ? NN YA
Maximurm Carmbined Stress F ARt Wbk L sy

Type: Maximurn Combined Stress - Top/Bottom - Layer 0
Unit: MPa
Tirne: 2
1122016 10:30

71,789 Max
£3,360
54,040
26,520
38,100
29,600
21,268
12,348
24278
-3,8023 Min

Figure 208: Maximum Beam Combined Stress Contour - Morphing from
NACA 6510 to NACA 3510 Profile under 1g Aerodynamic Loading (Max 71.79
[MPa], Closed Cell-Neoprene Rubber Design with 1.5 [mm] composite thickness)
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J: Meoprene, Closed Cell, MACA 3510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottom - Layer 0
Unit: mrnfinrm

Tirne: 2

1122018 10:31

0,25806 Max
022039
0,20072
017204
014337
011469
0,086021

Figure 209: Equivalent Elastic Strain (von-Mises) Contour - Morphing from

NACA 6510 to NACA 3510 Profile under 1g Aerodynamic Loading (Max 0.26

[mm/mm], Closed Cell-Neoprene Rubber Design with 1.5 [mm] composite

thickness)

L: Neoprene, Closed Cell, NACA 3510
Directional Deforrnation

Type: Directional Deformation(Z Axis)
Unit: rrrn

Global Coordinate System

Tirne: 2

1122018 10:31

15,279 Max
13,565

11,85

10,135
84205
£7058 z

e ‘|
Figure 210: Displacement in z Direction Contour - Morphing from NACA
6510 to NACA 3510 Profile under 2g Aerodynamic Loading (Max 15.28 [mm],

Closed Cell-Neoprene Rubber Design with 1.5 [mm] composite thickness)

L: Neoprene, Closed Cell. NACA 3510 g:‘(r\ilf =
Maxirmurn Cornbined Stress \ )
Type: Maximurn Combined Stress - Top/Bottom - Layer 0
Unit: MPa
Tirne: 2
11220181032

105,48 Max
93,455
81,427

694

57,372
45,345
3,37

21,29

02621

-2, 7654 Min

Figure 211: Maximum Beam Combined Stress Contour - Morphing from
NACA 6510 to NACA 3510 Profile under 2g Aerodynamic Loading (Max 105.48
[MPa], Closed Cell-Neoprene Rubber Design with 1.5 [mm] composite thickness)
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L: Neoprene, Closed Cell, NACA 3510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottam - Layer 0
Unit: mrnfinrm
Tirne: 2
11220181033

0,25918 Max
023038
0,20158
017278
014300
011519
0086392
0,057595
0026797
3,0494e-8 Min

Figure 212: Equivalent Elastic Strain (von-Mises) Contour - Morphing from
NACA 6510 to NACA 3510 Profile under 2g Aerodynamic Loading (Max 0.26
[mm/mm], Closed Cell-Neoprene Rubber Design with 1.5 [mm] composite

thickness)

N: Meoprene, Closed Cell, MACA 3510
Directional Deforrnation

Type: Directional Deformation(Z Axis)
Unit: rrrn

Global Coordinate System

Tirne: 2

11220181033

15,235 Max
13,526
11,816
10,106
8,362

£6964
———
49766
3,2668
1,557

-0,15279 Min

Figure 213: Displacement in z Direction Contour - Morphing from NACA
6510 to NACA 3510 Profile under 3g Aerodynamic Loading (Max 15.24 [mm],

Closed Cell-Neoprene Rubber Design with 1.5 [mm] composite thickness)

N: Neoprene, Closed Cell, NACA 3510

Maxirmurn Cornbined Stress

Type: Maximurn Combined Stress - Top/Bottorm - Layer 0
Unit: MPa
Tirne: 2
11220181033

|~
T
&

132,85 Max
17,75
102,65
87,544
72,441
57,338
22,235
27132
12,029
-3,0738 Min

Figure 214: Maximum Beam Combined Stress Contour - Morphing from
NACA 6510 to NACA 3510 Profile under 3g Aerodynamic Loading (Max 132.85
[MPa], Closed Cell-Neoprene Rubber Design with 1.5 [mm] composite thickness)
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N: Meoprene, Closed Cell, MACA 3510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottom - Layer 0
Unit: mrnfinrm

Tirne: 2

112.201810:34

0,25702 Max

022846 I |
019091

017135

014279

011423 I

0085674 . z
0057116

1.4198e-8 Min »

Figure 215: Equivalent Elastic Strain (von-Mises) Contour - Morphing from
NACA 6510 to NACA 3510 Profile under 3g Aerodynamic Loading (Max 0.26

[mm/mm], Closed Cell-Neoprene Rubber Design with 1.5 [mm] composite

thickness)

P: Neoprene, Closed Cell, NACA 3510
Directional Deforrnation

Type: Directional Deformation(Z Axis)
Unit: rrrn

Global Coordinate System

Tirne: 2

112.201810:34

15,259 Max
13,546
11,834
10,122
gA002
£,6068 z

o |
Figure 216: Displacement in z Direction Contour - Morphing from NACA

6510 to NACA 3510 Profile under 4g Aerodynamic Loading (Max 15.26 [mm],
Closed Cell-Neoprene Rubber Design with 1.5 [mm] composite thickness)

P: Neoprene, Closed Cell, NACA 3510 g:‘(r\ilf =
Maxirmurn Cornbined Stress \ )
Type: Maximurn Combined Stress - Top/Bottom - Layer 0
Unit: MPa
Tirne: 2
112.201810:35

162,83 Max
144,06
125,28
106,51
87,737
66,964
50,191
1,418
12,645
-6,1283 Min

Figure 217: Maximum Beam Combined Stress Contour - Morphing from
NACA 6510 to NACA 3510 Profile under 4g Aerodynamic Loading (Max 162.83
[MPa], Closed Cell-Neoprene Rubber Design with 1.5 [mm] composite thickness)
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P: Neoprene, Closed Cell, NACA 3510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottam - Layer 0
Unit: mrnfinrm

Tirne: 2

12,2018 10:36

0,25658 Max
022807
0,19056
017105
014254
011404

|
0,085526 Z
0057018
0,028509 s
2,4037e-8 Min ¥

Figure 218: Equivalent Elastic Strain (von-Mises) Contour - Morphing from
NACA 6510 to NACA 3510 Profile under 4g Aerodynamic Loading (Max 0.26

[mm/mm], Closed Cell-Neoprene Rubber Design with 1.5 [mm] composite

thickness)

R: Meoprene, Closed Cell, MACA 2510 f
Directional Deforrnation 17
Type: Directional Deformation(Z Axis)
Unit: rrrn

Global Coordinate System

Tirne: 2

112.201810:37

20,23 Max
17,965
15,701
13,436

11,171
80062
£,6414
43766

=1
-0,15302 Min *

) L L\-})

21118

Figure 219: Displacement in z Direction Contour - Morphing from NACA
6510 to NACA 2510 Profile under 1g Aerodynamic Loading (Max 20.23 [mm],
Closed Cell-Neoprene Rubber Design with 1.5 [mm] composite thickness)

R: Meoprene, Closed Cell, NACA 2510

Maxirmurn Cornbined Stress

Type: Maximurn Combined Stress - Top/Bottorm - Layer 0
Unit: MPa ~
Tirme: 2 T~
1122018 10:37

94,961 Max
83,976
72,00

£2,005
51,02

40,094
20,049

|
Figure 220: Maximum Beam Combined Stress Contour - Morphing from

NACA 6510 to NACA 2510 Profile under 1g Aerodynamic Loading (Max 94.96
[MPa], Closed Cell-Neoprene Rubber Design with 1.5 [mm] composite thickness)
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R: Meoprene, Closed Cell, MACA 2510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottom - Layer 0
Unit: mrnfinrm

Tirne: 2

112.201810:37

0,30341 Max

02607
0,23500

020228

01685

0,13485
010114

A K|
Figure 221: Equivalent Elastic Strain (von-Mises) Contour - Morphing from

NACA 6510 to NACA 2510 Profile under 1g Aerodynamic Loading (Max 0.30

[mm/mm], Closed Cell-Neoprene Rubber Design with 1.5 [mm] composite

thickness)

T: Neoprene, Closed Cell, NACA 2510
Directional Deforrnation

Type: Directional Deformation(Z Axis)
Unit: rrrn

Global Coordinate System

Tirne: 2
112.201810:38
20,202 Max
17,04
15,679
1347
11,155
8,8036 z
6,632
4,3704 |
2,1088 ®
X

-0,15286 Min

Figure 222: Displacement in z Direction Contour - Morphing from NACA
6510 to NACA 2510 Profile under 2g Aerodynamic Loading (Max 20.20 [mm],

Closed Cell-Neoprene Rubber Design with 1.5 [mm] composite thickness)

T: Neoprene, Closed Cell, NACA 2510 g:‘(r\ilf =
Maxirmurn Cornbined Stress \ )

Type: Maximurn Combined Stress - Top/Bottom - Layer 0

Unit: MPa

Tirne: 2

112.201610:38

135,96 Max
120,71
105,45
20,195
74,039
59,683
428
29172
13,917
-1,339 Min

Figure 223: Maximum Beam Combined Stress Contour - Morphing from
NACA 6510 to NACA 2510 Profile under 2g Aerodynamic Loading (Max 135.96
[MPa], Closed Cell-Neoprene Rubber Design with 1.5 [mm] composite thickness)
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T: Meoprene, Closed Cell, MACA 2510
Equivalent Elastic Strain )

Type: Equivalent Elastic Strain - Top/Bottam - Layer 0
Unit: mrnfinrm

Tirne: 2

1122016 10:39

r\l I3 )
|- )H\,\q‘

0,30185 Max

026831

023477

020124

01677

013416 I
010062 "
0,067073

0,033539

1,755e-8 Min

Figure 224: Equivalent Elastic Strain (von-Mises) Contour - Morphing from
NACA 6510 to NACA 2510 Profile under 2g Aerodynamic Loading (Max 0.30

[mm/mm], Closed Cell-Neoprene Rubber Design with 1.5 [mm] composite

thickness)

¥: Meoprene, Closed Cell, MACA 2510
Directional Deforrnation

Type: Directional Deformation(Z Axis)
Unit: rrrn

Global Coordinate System

Tirne: 2

112,208 10:40

20,271 Max

18,002
15,732
13,463
1,19

v - |
Figure 225: Displacement in z Direction Contour - Morphing from NACA
6510 to NACA 2510 Profile under 3g Aerodynamic Loading (Max 20.27 [mm],

Closed Cell-Neoprene Rubber Design with 1.5 [mm] composite thickness)

¥: Meoprene, Closed Cell, NACA 2510

Maxirmurn Cornbined Stress

Type: Maximurn Combined Stress - Top/Bottorm - Layer 0
Unit: MPa
Tirne: 2
12,2018 10:40

155,49 Max
137,61
19,73
101,85
83,965
66,083
28,201
30,319
12,437
-5,4453 Min

Figure 226: Maximum Beam Combined Stress Contour - Morphing from
NACA 6510 to NACA 2510 Profile under 3g Aerodynamic Loading (Max 155.49
[MPa], Closed Cell-Neoprene Rubber Design with 1.5 [mm] composite thickness)
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¥: Neoprene, Closed Cell, NACA 2510 VAN
Equivalent Elastic Strain )
Type: Equivalent Elastic Strain - Top/Bottom - Layer 0
Unit: mrnfinrm

Tirne: 2

1122016 10:40

18
N,

0,31047 Max

027598
024148 I
0,20698

017248

013789

010349 _ z
0063004

0,034497 ® |
8,6029-8 Min «

Figure 227: Equivalent Elastic Strain (von-Mises) Contour - Morphing from
NACA 6510 to NACA 2510 Profile under 3g Aerodynamic Loading (Max 0.31

[mm/mm], Closed Cell-Neoprene Rubber Design with 1.5 [mm] composite

thickness)

X: Neoprene, Closed Cell, MACA 2510 N
Directional Deforrnation ITRN|

Type: Directional Deformation(Z Axis)
Unit: rrrn

Global Coordinate System

Tirne: 2

1122018 10:1

20,175 Max
17,916
15,658
13,300
11,14

o |
Figure 228: Displacement in z Direction Contour - Morphing from NACA
6510 to NACA 2510 Profile under 4g Aerodynamic Loading (Max 20.18 [mm],

Closed Cell-Neoprene Rubber Design with 1.5 [mm] composite thickness)

Y ﬁ"'\?\ |
LS YA
V) IS

X: Meoprene, Closed Cell, NACA 2510

Maxirmurn Cornbined Stress

Type: Maximurn Combined Stress - Top/Bottom - Layer 0
Unit: MPa
Tirne: 2
12,2018 10:41

192,51 Max
170,06
147,61
125,16
102,71
80,261
57,812
35,363
12,914
-9,5355 Min

Figure 229: Maximum Beam Combined Stress Contour - Morphing from
NACA 6510 to NACA 2510 Profile under 4g Aerodynamic Loading (Max 192.51
[MPa], Closed Cell-Neoprene Rubber Design with 1.5 [mm] composite thickness)
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X: Meoprene, Closed Cell, MACA 2510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottam - Layer 0
Unit: mrnfinrm

Tirne: 2

1.12.201810:42

0,31063 Max
Q27812

02416
0,20709
017257
013806
010954

0,06003

0034515

9,5377e-8 Min

Figure 230: Equivalent Elastic Strain (von-Mises) Contour - Morphing from
NACA 6510 to NACA 2510 Profile under 4g Aerodynamic Loading (Max 0.31

[mm/mm], Closed Cell-Neoprene Rubber Design with 1.5 [mm] composite

thickness)

163



164



APPENDIX B3

Closed Cell — Neoprene Rubber with 1.0 [mm] Composite Thickness Design
Results

In this part, Closed Cell — Neoprene Rubber design analysis results under
aerodynamic loads are presented for 1.0 [mm] composite thickness.
B: Meoprene, Closed Cell, NACA 6510 ?
Directional Deformation

Type: Directional Deformation(Z Auis)
Unit: rrrn

ﬁ"'\'r\ C WS
QN

bt JL B

Global Coordinate System
Tirne: 1
1122016 11:57

0,032459 Max
0.016846
0,0014337
-0,014079

-0,029501
-0,045104
-0,060617

B |
fDJ.IOT15Min X

Figure 231: Displacement in z Direction Contour - Maintaining the NACA
6510 Profile under 1g Aerodynamic Loading (Max 0.03 [mm], Closed Cell-

Neoprene Rubber Design with 1.0 [mm] composite thickness)

B: Neoprene, Closed Cell, MACA 6510

Mairnurn Cornbined Stress 7
Type: Maxirnum Cornbined Stress - Top/Bottorn - Layer 0
Unit: MPa

Tirme: 1

1122016 11:58

14655 U Vi
(QAVA
A \‘I | I ‘I

{1 L N

2,0997 Max

1,7743

1,489

1,1234

0,79799

047256

014712 z
-0,17831

082018 Min ¢ |
Figure 232: Maximum Beam Combined Stress Contour - Maintaining the
NACA 6510 Profile under 1g Aerodynamic Loading (Max 2.10 [MPa], Closed Cell-

Neoprene Rubber Design with 1.0 [mm] composite thickness)
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B: Neoprene, Closed Cell, NACA 6510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottom - Layer 0 '
Unit: mm/fmm

Tirme: 1
1.12.201611:58

0,011281 Max

0010027 |
0,0087737

0,0075203

0006267

00030136
0,0037602 z

0,0025068
0,0012534 s
7.149e-10 Min ¥

Figure 233: Equivalent Elastic Strain (von-Mises) Contour - Maintaining the
NACA 6510 Profile under 1g Aerodynamic Loading (Max 0.01 [mm/mm], Closed

Cell- Neoprene Rubber Design with 1.0 [mm] composite thickness)

D: Neoprene, Closed Cell, NACA 6510
Directional Deformation TN

Type: Directional Deformation(Z Axis)
Unit: mm

Glabal Coordinate Systerm
Time: 1
112201611259

\ [T 7
\ N i

IRV NV Ny

bt L Y

10,2409 Max
0,21388
018603
015972
013273
010372
0,078682
0051848

-0,0024259 Min B 4—I

0,02461

Figure 234: Displacement in z Direction Contour - Maintaining the NACA
6510 Profile under 2g Aerodynamic Loading (Max 0.24 [mm], Closed Cell-
Neoprene Rubber Design with 1.0 [mm] composite thickness)

D: Neoprene, Closed Cell, MACA 6510
Maxirnum Combined Stress

Type: Maximum Combined Stress - Top/Bottom - Layer 0
Unit: MPa

Tirme: 1

1122016 171:50

25,189 Max

22,281

10,374

16,466

13,559

10,651

7,7438 z

45363
1,2289 .
-0,97862 Min «

Figure 235: Maximum Beam Combined Stress Contour - Maintaining the
NACA 6510 Profile under 2g Aerodynamic Loading (Max 25.19 [MPa], Closed
Cell- Neoprene Rubber Design with 1.0 [mm] composite thickness)
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D: Neoprene, Closed Cell, NACA 6510
Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottom - Layer 0
Unit: mm/mm

Tirne: 1
1.12,2016 12:00
0,013275 Max il
00118 e |
0010325 e
0,0093501 e
0,0073751
0,0059001 s
0,004425 e F4

0,00295
&
X

Figure 236: Equivalent Elastic Strain (von-Mises) Contour - Maintaining the
NACA 6510 Profile under 2g Aerodynamic Loading (Max 0.01 [mm/mm], Closed

Cell- Neoprene Rubber Design with 1.0 [mm] composite thickness)

F: Neoprene, Closed Cell, NACA 6510 /
Directional Deformation )

Type: Directional Deformation(Z Axis)
Unit: mrm

Global Coordinate Systerm

Time: 1
1122061200

0,001475 >
6.134e-9 Min °

\ [T 70

0,41186 Max
0,36508
0,3201
027422
0,22835
018247
0,13659
0,000714

. X
-0,0010414 Min

0,044636

Figure 237: Displacement in z Direction Contour - Maintaining the NACA
6510 Profile under 3g Aerodynamic Loading (Max 0.41 [mm], Closed Cell-
Neoprene Rubber Design with 1.0 [mm] composite thickness)

F: Neoprene, Closed Cell, NACA 6510

Maxirnurm Combined Stress

Type: Maximum Combined $tress - Top/Bottom - Layer 0
Unit: MPa

Tirme: 1

112.20612:00

45,551 Max

40,188

34,525

20,461

24,008

18,735

13,372 z

50083
2,645 .
-2,7183 Min »

Figure 238: Maximum Beam Combined Stress Contour - Maintaining the
NACA 6510 Profile under 3g Aerodynamic Loading (Max 45.55 [MPa], Closed
Cell- Neoprene Rubber Design with 1.0 [mm] composite thickness)
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F: Meoprene, Closed Cell, MACA 6510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottom - Layer 0
Unit: mm/fmm

Tirme: 1

1iz20e 1201

0,018224 Max
0,016199
0,014174
0012149
0010124
0,00809%5
0,0060746
0,0040408
0,0020249 -
1,271e-8 Min "

Figure 239: Equivalent Elastic Strain (von-Mises) Contour - Maintaining the
NACA 6510 Profile under 3g Aerodynamic Loading (Max 0.02 [mm/mm], Closed
Cell- Neoprene Rubber Design with 1.0 [mm] composite thickness)

H: Neoprene, Closed Cell, NACA 6510
Directional Deformation

Type: Directional Deformation(Z Axis)
Unit: mm

Glabal Coordinate Systerm

Time: 1

11220161201

0.84944 Max
0,75470

0,66011

0,56547

047081

037615

0,2815

018684

0,00218
-0.0024781 Min

Figure 240: Displacement in z Direction Contour - Maintaining the NACA
6510 Profile under 4g Aerodynamic Loading (Max 0.85 [mm], Closed Cell-

Neoprene Rubber Design with 1.0 [mm] composite thickness)

H: Neoprene, Closed Cell, NACA 6510

Maxirnum Combined Stress

Type: Maximum Combined Stress - Top/Bottom - Layer 0
Unit: MPa
Tirme: 1
11220161201

72,63 Max
4

53,37

45,74

n

7548

2085

12,22

13,5800
-5,0402 Min

Figure 241: Maximum Beam Combined Stress Contour - Maintaining the
NACA 6510 Profile under 4g Aerodynamic Loading (Max 72.63 [MPa], Closed
Cell- Neoprene Rubber Design with 1.0 [mm] composite thickness)
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H: Neoprene, Closed Cell, NACA 6510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottom - Layer 0
Unit: mm/mm

Tirme: 1

11z20Me1a02

0,029806 Max
0026434
0023183
001987
0016539
0,013247
0,0000354
0,0066236
0,0033118
2,1863e-8 Mi

Figure 242: Equivalent Elastic Strain (von-Mises) Contour - Maintaining the
NACA 6510 Profile under 4g Aerodynamic Loading (Max 0.03 [mm/mm], Closed
Cell- Neoprene Rubber Design with 1.0 [mm] composite thickness)

J: Neoprene, Closed Cell, NACA 3510
Directional Deformation )

Type: Directional Deformation(Z Axis)
Unit: mrm

Global Coordinate Systerm

Time: 1,

11z20Me1802

\ [T 70

15,195 Max
13,480
11,784
10,07
83734
66691 [ z

E ]
Figure 243: Displacement in z Direction Contour - Morphing from NACA
6510 to NACA 3510 Profile under 1g Aerodynamic Loading (Max 15.20 [mm],

Closed Cell-Neoprene Rubber Design with 1.0 [mm] composite thickness)

J: Neoprene, Closed Cell, NACA 3510

Maxirnurm Combined Stress

Type: Maximum Combined $tress - Top/Bottom - Layer 0
Unit: MPa
Tirme: 2
TAz20e 1203

62,253 Max
55,027
47,802
40,576

33,35

6,124
18,808
11,672
4,4466
-2,7792 Min

Figure 244: Maximum Beam Combined Stress Contour - Morphing from
NACA 6510 to NACA 3510 Profile under 1g Aerodynamic Loading (Max 62.25
[MPa], Closed Cell-Neoprene Rubber Design with 1.0 [mm] composite thickness)
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J: Neoprene, Closed Cell, NACA 3510 /
Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottom - Layer 0
Unit: mm/fmm

Tirme: 2

1.12.201612:03

VYo \\I ® 0
bt A }E/'

0,25786 Max

022021

0,20056

017191

014326

01146

0,085053 z

0057302
758552 9 Min L |
Figure 245: Equivalent Elastic Strain (von-Mises) Contour - Morphing from

NACA 6510 to NACA 3510 Profile under 1g Aerodynamic Loading (Max 0.26

[mm/mm], Closed Cell-Neoprene Rubber Design with 1.0 [mm] composite

thickness)

L: Neoprene, Closed Cell, MACA 3510
Directional Deformation

Type: Directional Deformation(Z Axis)
Unit: rrirm

Global Coordinate System

Tirme: 2

112.201612:03

15,114 Max

13,418

1,721

10,025

B,3286

66323 z

o |
Figure 246: Displacement in z Direction Contour - Morphing from NACA

6510 to NACA 3510 Profile under 2g Aerodynamic Loading (Max 15.11 [mm],
Closed Cell-Neoprene Rubber Design with 1.0 [mm] composite thickness)

L: Meoprene, Closed Cell, MACA 3510

Maxirnum Combined Stress

Type: Maxirmum Combined Stress - Top/Bottarm - Layer 0
Unit: MPa
Tirme: 2
1122061204

92,992 Max
2,48

71,969
61,458
50,047
40,436
20,025
10,414
8,9025
-1,6086 Min

Figure 247: Maximum Beam Combined Stress Contour - Morphing from
NACA 6510 to NACA 3510 Profile under 2g Aerodynamic Loading (Max 92.99
[MPa], Closed Cell-Neoprene Rubber Design with 1.0 [mm] composite thickness)
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L: Meoprene, Closed Cell, MACA 3510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottom - Layer 0
Unit: mm/mm
Tirne: 2
11zz2Me1z04

0,25428 Max
0,22603
019777
0,16952
014127
011301
0,08476

0056506
T e |
Figure 248: Equivalent Elastic Strain (von-Mises) Contour - Morphing from

NACA 6510 to NACA 3510 Profile under 2g Aerodynamic Loading (Max 0.26

[mm/mm], Closed Cell-Neoprene Rubber Design with 1.0 [mm] composite

thickness)

N: Neoprene, Closed Cell, NACA 3510
Directional Deformation

Type: Directional Deformation(Z Axis)
Unit: rrm

Global Coordinate System

Tirne: 2
112261204
15,263 Max
13,55
11,837
10124
84113
6,6085 z
4,9857
3,2729 |
1,5601 i
X

-0,15274 Min

Figure 249: Displacement in z Direction Contour - Morphing from NACA
6510 to NACA 3510 Profile under 3g Aerodynamic Loading (Max 15.26 [mm],

Closed Cell-Neoprene Rubber Design with 1.0 [mm] composite thickness)

M: Neoprene, Closed Cell, MACA 3510 L
Maxirurm Combined Stress y
Type: Maxirmum Combined Stress - Top/Bottarm - Layer 0
Unit: MPa
Tirne: 2
11220161204

Ve \\n [ )
D LD

123,91 Max
108,64
95,366
81,003
66,519
52,545
38272
23,008
97244
-4,5493 Min

Figure 250: Maximum Beam Combined Stress Contour - Morphing from
NACA 6510 to NACA 3510 Profile under 3g Aerodynamic Loading (Max 123.91
[MPa], Closed Cell-Neoprene Rubber Design with 1.0 [mm] composite thickness)
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N: Neoprene, Closed Cell, NACA 3510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottom - Layer 0
Unit: mm/fmm
Tirme: 2
11220161205

0,25417 Max
0,22503
0,19769
0,16345
014121
011297
0,084725
0,056483
0,028242
1,4411e-8 Min

Figure 251: Equivalent Elastic Strain (von-Mises) Contour - Morphing from
NACA 6510 to NACA 3510 Profile under 3g Aerodynamic Loading (Max 0.25
[mm/mm], Closed Cell-Neoprene Rubber Design with 1.0 [mm] composite

thickness)

P: Neoprene, Closed Cell, NACA 3510
Directional Deformation

Type: Directional Deformation(Z Axis)
Unit: rrirm

Global Coordinate System

Tirme: 2
112.201612:00

15,214 Max
13,507
11,799
10,082
B,3845
66771
4,606
3,2622
1,5548 ==
-0,15264 Min

Figure 252: Displacement in z Direction Contour - Morphing from NACA
6510 to NACA 3510 Profile under 4g Aerodynamic Loading (Max 15.21 [mm],

Closed Cell-Neoprene Rubber Design with 1.0 [mm] composite thickness)

P: Meoprene, Closed Cell, NACA 3510

Maxirnum Combined Stress

Type: Maxirmum Combined Stress - Top/Bottarm - Layer 0
Unit: MPa
Tirme: 2
1.12.20612:06

122,24 Max
107,83
23,417
79,005
64,502

50,18

35,767
2,355
6,226
-7.4699 Min

Figure 253: Maximum Beam Combined Stress Contour - Morphing from
NACA 6510 to NACA 3510 Profile under 4g Aerodynamic Loading (Max 122.24
[MPa], Closed Cell-Neoprene Rubber Design with 1.0 [mm] composite thickness)
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P: Meoprene, Closed Cell, NACA 3510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottom - Layer 0
Unit: mm/mm

Tirne: 2

112.20M612:06

0,26513 Max
0,23567

0,20621
0,17675
01473

011784

0088377 z

0058013

83103 8in D |
Figure 254: Equivalent Elastic Strain (von-Mises) Contour - Morphing from

NACA 6510 to NACA 3510 Profile under 4g Aerodynamic Loading (Max 0.26

[mm/mm], Closed Cell-Neoprene Rubber Design with 1.0 [mm] composite

thickness)

R: Neoprene, Closed Cell, NACA 2510
Directional Deformation

Type: Directional Deformation(Z Axis)
Unit: rrm

Global Coordinate System

Tirme: 1

1122016 12:00

20,20 Max
18,019
15,747
13478
1,204
8027 z

o -
Figure 255: Displacement in z Direction Contour - Morphing from NACA

6510 to NACA 2510 Profile under 1g Aerodynamic Loading (Max 20.29 [mm],
Closed Cell-Neoprene Rubber Design with 1.0 [mm] composite thickness)

R: Neoprene, Closed Cell, MACA 2510

Maxirurm Combined Stress

Type: Maxirmum Combined Stress - Top/Bottarm - Layer 0
Unit: MPa
Tirne: 2
112.z2Me12:.07

)~
IS
N

Ve \\n [ )
D LD

82,24 Max
Teee
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35,097
25,669

16,24

68117
-2,6169 Min

Figure 256: Maximum Beam Combined Stress Contour - Morphing from
NACA 6510 to NACA 2510 Profile under 1g Aerodynamic Loading (Max 82.24
[MPa], Closed Cell-Neoprene Rubber Design with 1.0 [mm] composite thickness)
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R: Neoprene, Closed Cell, NACA 2510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottom - Layer 0
Unit: mm/fmm

Tirme: 2

1.12.2M612:07

,30229 Max
0,2687
0,23512
0,20153
0,167
013435

010076
0067176
0,033588
5,6213e-9 Min

Figure 257: Equivalent Elastic Strain (von-Mises) Contour - Morphing from
NACA 6510 to NACA 2510 Profile under 1g Aerodynamic Loading (Max 0.30

[mm/mm], Closed Cell-Neoprene Rubber Design with 1.0 [mm] composite

thickness)

T: Neoprene, Closed Cell, NACA 3510
Directional Deformation

Type: Directional Deformation(Z Axis)
Unit: rrirm

Global Coordinate System

Tirme: 2

1.12.201612:07

20,166 Max
17,908
15,651
13,303
11,135
8a778 z

e |
Figure 258: Displacement in z Direction Contour - Morphing from NACA
6510 to NACA 2510 Profile under 2g Aerodynamic Loading (Max 20.17 [mm],

Closed Cell-Neoprene Rubber Design with 1.0 [mm] composite thickness)

T: Meoprene, Closed Cell, NACA 3510

Maxirnum Combined Stress

Type: Maxirmum Combined Stress - Top/Bottarm - Layer 0
Unit: MPa
Tirme: 2
1122061208

123,56 Max
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95,459
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67,357
53,306
30,255
25,205
11,154
-2,8971 Min

Figure 259: Maximum Beam Combined Stress Contour - Morphing from
NACA 6510 to NACA 2510 Profile under 2g Aerodynamic Loading (Max 123.56
[MPa], Closed Cell-Neoprene Rubber Design with 1.0 [mm] composite thickness)
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T: Meoprene, Closed Cell, NACA 3510 f
Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottom - Layer 0
Unit: mm/mm

Tirne: 2

11220161208

in \:\n [ ]
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013259
0,000444 - z

0066206
116020 5 Wi D |
Figure 260: Equivalent Elastic Strain (von-Mises) Contour - Morphing from

NACA 6510 to NACA 2510 Profile under 2g Aerodynamic Loading (Max 0.30

[mm/mm], Closed Cell-Neoprene Rubber Design with 1.0 [mm] composite

thickness)

¥: Neoprene, Closed Cell, NACA 3510
Directional Deformation

Type: Directional Deformation(Z Axis)
Unit: rrm

Global Coordinate System

Tirme: 2
112.201612:09

20,262 Max
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o |
Figure 261: Displacement in z Direction Contour - Morphing from NACA

6510 to NACA 2510 Profile under 3g Aerodynamic Loading (Max 20.26 [mm],
Closed Cell-Neoprene Rubber Design with 1.0 [mm] composite thickness)

¥: Neoprene, Closed Cell, MACA 3510

Maxirurm Combined Stress

Type: Maxirmum Combined Stress - Top/Bottarm - Layer 0
Unit: MPa
Tirne: 2
112261200

129,7 Max
114,52
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-6,9612 Min

Figure 262: Maximum Beam Combined Stress Contour - Morphing from
NACA 6510 to NACA 2510 Profile under 3g Aerodynamic Loading (Max 129.70
[MPa], Closed Cell-Neoprene Rubber Design with 1.0 [mm] composite thickness)
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¥: Neoprene, Closed Cell, NACA 3510
Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottom - Layer 0
Unit: mm/fmm
Tirme: 2
1.12.20612:00

,30846 Max
027418
0,23001
0,20564
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013709

010282

0,068546

0,034273 s
9,4985¢e-8 Min %

Figure 263: Equivalent Elastic Strain (von-Mises) Contour - Morphing from
NACA 6510 to NACA 2510 Profile under 3g Aerodynamic Loading (Max 0.30

[mm/mm], Closed Cell-Neoprene Rubber Design with 1.0 [mm] composite

thickness)

X: Neoprene, Closed Cell, NACA 3510
Directional Deformation

Type: Directional Deformation(Z Axis)
Unit: rrirm

Global Coordinate System

Tirme: 2 o,
11220161210
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88004 z

e |
Figure 264: Displacement in z Direction Contour - Morphing from NACA
6510 to NACA 2510 Profile under 4g Aerodynamic Loading (Max 20.19 [mm],

Closed Cell-Neoprene Rubber Design with 1.0 [mm] composite thickness)

X: Neoprene, Closed Cell, NACA 3510

Maxirnum Combined Stress

Type: Maxirmum Combined Stress - Top/Bottarm - Layer 0
Unit: MPa
Tirme: 2
1122061210

162,52 Max
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-11,007 Min

Figure 265: Maximum Beam Combined Stress Contour - Morphing from
NACA 6510 to NACA 2510 Profile under 4g Aerodynamic Loading (Max 162.52
[MPa], Closed Cell-Neoprene Rubber Design with 1.0 [mm] composite thickness)
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X: Neoprene, Closed Cell, MACA 3510

Equivalent Elastic Strain

Type: Equivalent Elastic Strain - Top/Bottom - Layer 0
Unit: mm/mm
Tirne: 2
11z.2Me1210

0,30962 Max
0,27522
0,24082
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017201

0,13761

010321
0,068805
0,034402
1,0679e-7 Min

Figure 266: Equivalent Elastic Strain (von-Mises) Contour - Morphing from
NACA 6510 to NACA 2510 Profile under 4g Aerodynamic Loading (Max 0.31
[mm/mm], Closed Cell-Neoprene Rubber Design with 1.0 [mm] composite

thickness)
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